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PREFACE 


In  order  to  achieve  the  levels  of  reliability  required  for  future  military 
systems,  it  becomes  apparent  that  conventional  statistical  methods  for  de¬ 
termining  reliability  will  have  to  be  supplemented  by  a  more  fundamental 
philosophy,  aimed  at  replacing  the  present  lack  of  understanding  of  the 
causative  mechanisms  leading  to  failure  by  the  fundamental  principles  govern¬ 
ing  these  processes.  The  work  reported  here  is  one  of  several  efforts  sup¬ 
ported  by  the  Rome  Air  Development  Center  under  a  broad  program  conceived 
to  achieve  this  purpose. 

Specifically,  this  effort  was  intended  to  survey  mechanisms  leading  to 
failure  in  electronic  components  and  materials,  in  order  to  accumulate  under¬ 
standing  of  their  modes  of  operation  and  to  develop  an  experimental  method¬ 
ology  designed  to  measure  some  of  the  more  subtle  quantities  contributing  to 
failure  in  electronics.  The  actual  program  consists  of  a  number  of  individ¬ 
ual  tasks  which  vary  from  relatively  abstract  investigations,  such  as  the 
stick-slip  surface  measurements,  to  those  of  almost  immediate  benefit  to 
device  reliability,  such  as  the  determination  of  the  influence  on  transistor 
characteristics  of  surface  charging.  Some  of  the  more  pertinent  tasks  are 
discussed  below. 

a.  Causes  of  Failure  During  Manufacture  and  Tests  of  Military  Sys¬ 
tems 

Two  complex  military  data  processing  systems  are  analyzed  in  detail  for 
types  and  causes  of  failure  of  electrical  components.  Based  on  the  observed 
similarity  of  failure  rate  ratios,  an  attempt  is  made  to  formulate  an  approach 
to  reliability  determination  based  on  device  complexity  with  regard  to  the 
number  of  leads,  junctions,  etc,  constituting  the  device.  For  the  system 
analyzed,  the  values  of  failure  factors  and  weightings  are  reasonable,  and 


the  mathematical  treatment  leads  to  no  absurdities.  The  failure  classifica¬ 
tion  study  furnished  the  initial  clue  to  the  identification  of  the  failure  me¬ 
chanism  of  surface  charging  in  transistors,  described  below.  However,  it 
is  not  directly  an  experimental  search  for  failure  mechanisms,  and  its 
potential  for  identification  of  additional  failure  mechanisms  was  judged  to  be 
small,  so  that  it  was  discontinued.  The  available  data  have  been  brought  to 
the  attention  of  others  at  RADC  whose  area  of  responsibility  and  interest  is 
primarily  in  investigations  of  this  sort. 

b.  Surface  Studies  -  Electrical-Frictional  Probe 

The  electrical -frictional  probe  technique  has  been  demonstrated  to  be 
sensitive  to  changes  in  chemical  composition,  structure,  and  imperfections 
in  semiconductor  materials.  In  this  respect,  it  may  be  a  useful  nondestruc¬ 
tive  test.  Because  of  its  importance  to  the  principal  investigator's  theories 
of  semiconductor  action,  an  attempt  was  made  to  extend  the  utility  of  the 
electrical  frictional  probe  measurements  by  including  an  analysis  of  stick- 
slip  cycle  measurements.  The  complete  solution  referred  to  in  this  report 
was  not  finished  and  is  not  yet  available,  because  of  the  complexity  involved 
in  reducing  the  results  of  the  computer  program. 

c.  Surface  Studies  -  Repetitive  Surface  Contacting 

From  this  task,  evidence  is  presented  that  semiconductor  surfaces  age 
nonuniformly.  It  appears  that  aging  commences  independently  at  a  number 
of  separate  points  on  the  surface  and,  to  some  extent,  progresses  outward 
from  them.  The  implication  here  is  that  if  several  devices  are  fabricated 
on  the  same  wafer,  their  performance  parameters  will  differ  depending  on 
their  radial  location  on  the  wafer.  It  is  also  shown  that  surface  character¬ 
istics  are  influenced  by  the  chemical  composition  and  exposure  conditions 
used  with  various  etchants.  Also,  since  it  could  be  expected  that  pressure 
effects  caused  by  impurity  regions,  temperature  changes,  acceleration,  etc, 
might  result  in  changes  in  surface  characteristics,  an  experiment  is  de¬ 
scribed  demonstrating  that  photo -EMF  changes  approximately  linearly  with 
pressure  applied  perpendicular  to  the  surface  of  the  sample. 


While  the  various  measurements  under  this  task  describe  only  gross 
effects  and  no  attempt  is  made  to  resolve  the  complexity  of  the  situation,  the 
general  iniplication  from  the  experimients  is  that  the  altered  electrical  per- 
.  for  mane  e  resulting  froni  the  described  stresses  and  environments  constitutes 
failure  mechanisms  which  niust  be  further  considered.  The  immediate  im¬ 
plication  is  that  these  altered  performances  'may  constitute  failure  when  re¬ 
garded  against  the  objectives  desired  for  system' performance. 

d. -  'Volpme  Studies  -  The  Flexure-Charge  Experiments 

This  is  a  study  of  a  potential  failure  mechanism  induced  by  mechanical 
stress.  Although  the  voltage  responses  occurring  at  continuous  flexure 
times  of  less  than  one  hour  could  not  be  correlated  with  readily  observable 
gross  mechanical  damage,  experimental  evidence  was  obtained  that  these 
responses  may  result  from  the  formation  of  surface  fractures  similar  to  the 
reversible  cracks  observed  in  flexurally  stressed  glosses;  tha.t  is,  they  have  . 
the  ability  to  heal  almost  completely  upon  removal  of  the  tensile  portion  of. 
the  stress  cycle.  Also,  it  is  shown  that  the  mechanical  damage  tended  to 
concentrate  at  alloy  junctions  and  other,  sites  of  discontinuity,  and  is  hastened 
by  elevated  temperature.  .  " 

The  implications  of  these  experiments  are  that  by  stressing  silicon  (and 

probably  other  semiconductor  materials),  including  stresses  such  as  may 

■  •  ■  ■  .  o'-, 

be  encountered  in  the  fabrication  of  semicpnductor  devices,  deterioration  in 

performance  of  the  device  may  result. 

It  appears  that  this  phenomenon  may  occupy  a  significant  position  with 
regard  to  fundamental  mechanisms  of  failure  in  electronics. 

e.  Transistor  Failure  Caused  by  Surface  Charging 

Work  on  this  task  assumed  additional  significance  in  view  of  the  recent 
publicity  concerning  Telstar  recovery  procedures.  Although  unrelated  to  the 
Telstar  project,  this  task  identified  the  fact  that  surface  charging  could 
cause  transistor  failure  and  that  the  transistor  could  recover  when  the  charge 
leaked  off  or  was  removed.  As  a  result  of  this  work,  several  recommenda¬ 
tions  are  made  regarding  precautions  which  may  be  observed  to  reduce  charge 
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accvunulation  during  fabricating  and  processing  of  devices  sensitive  to  this 
failure  mechanism. 

f.  High  Energy  Radiation  Induced  Failures 

A  portion  of. the  oyer-all  effort- devoted  itself  to  the  study  of  failure  in 
magnetic  devices,  specifically,  .degradation  mechanisms  in  ferrites  under 
the  influence  of  high  energy  radiation.  Although  ferrites  have  never- posed  a 
serious  problem  in-  reliability  (and  these  experiments  co.nfirm  this),  it  was 
decided  to.  investigate  these  materials  because  they  were  accessible  to  meas¬ 
urements  by  a  new  technique,..  Mossbauer  spectrum  analysis,  which  permits' 
sensitive  observation  of  the  interi^l  magnetic  fields  of  the  -material.  Since 
there  were  no  systematic  changes  in  the  Mossbauer  spectra  after  irradiation, 
it  is  concluded  that  these  materials. -are  not  sensitive  to  these  radiations  and, 
if  some  degradation  does  occur,  it. is  not  through  the  mechanism,  of  chemical  . 

•  structure  changes.' 

Another  radiation-related  study  investigated  the  degradation  mechanism 
of.  silicon  radiation  detector  diodes.  Of  particular' concern  here  was  the  - 
apparent  disagreement  with  existing  junction  theory  of  the  variation  of  jvmc- 
tion  capacitance  with  radiation  dosage.  . 

Much  data  have  been  accumulated  on  several  types  of  diodes.  These ‘data 
indicate  the  presence  of  certain  low-lying  defect  energy  levels  which  may  be 
related  to  the  anomalous  capacitance  effect.  •  However,  additional  study  and 
analysis  of  the  data  will  be  necessary  for  exact  elucidation  of  the  mechanisms. 

The-.inves.tigations  conducted  under  this  contract  are  considered  to  have 

*  *.  .  '  •  ■  1 

successfully  achieved  the  objective  'of  performing  a  general  survey  of  pos¬ 
sible  mechanisms  leading  to  the  failure  of  electronic  materials  and  devices. 
The  range  of  complexity  involved  in  a  physical  approach  to  reliability  has 
been  demonstrated,  and  it  has  been  shown  that  the  use  of  new  approaches  and 
unique  measurement  techniques  may  be  desirable  for  the  understanding  and 
elucidation  of  the  fundamental  processes  occurring  in  device  failure.  This 
repxjrt  is  considered  to  represent  a  worthwhile  contribution  to  the  Physics  of 
Failure  program. 
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FOREWORD 


This  report  was  prepared  by  the  Westinghouse  Electric 
Corporation,  Air  Arm  Division,  Baltimore,  Maryland,  on. 
Air  Force  Contract  No.  AF30(602)2558  under  Task  No. 
45155  of  Project  No.  5519,  "Study  of  Failure  Mechanisms, 
and  summarizes  the  research  for  the  period  1  July  1961  to 
30  September  1962.  The  work  was  accomplished  under  the 
direction  of  Dr.  S.  M.  Skinner  and  Dr.  J.  W.  Dzimianski. 
Secondary  report  No.  384A1  has  been  assigned.  ' 


•  ■  .  '  •  ■’ ABSTRACT  _  •  '  .  •> 

-Results  from  the  work  of  the  fourth  quarter  are  pfesentedt 
together  with  a  summarizatioh  of  earlier  results,  to  exhibit 
the  overall  program. 

Various  approaches  to  the  study  of  properties  of  semi¬ 
conductor  surfaces  are  taken  up,  in  particular,  the  very 
sensitive  electrical -frictional  probe  which  is  applied  to  the 
study  ofdefects  and  processing  technology  undervarious  con¬ 
ditions.  The  way  in  which  this  apparatus  can  be  used  to  lo¬ 
cate  defective  regions  .and  junctions  and  to  improve  solid 
state  processing  technology,  and  the  use  of  the  frictional  drag 
and  stick-slip  response  to  complement  the  electrical  data, 
are  described. 

The  distribution  of  failures  in  the  manufacturing  and  testing 
phase  of  two  military  systems  are  compared,  and  the  factors 
described  which  caused  failure  ratios  in  the  one  to  be  one- 
seventh  those  in  the  other.  The  failure  factor  method  of 
failure  analysis  is  described,  and  the  values. of  the  failure 
factors  and  weights  of  each  in  the  two  systems  are  com¬ 
puted.  •  Utilization  of  the  failure  factor  technique  in  acceler¬ 
ated' testing  design  and  analysis,  and  in  the  determination 
of  reliability,  is  discussed. 

By  various  studies,  it  has  been  determined  that  the  aging  of 
a  semiconductor  surface  does  not  take  place  uniformly,  but 
occurs  differently  at  different  regions  on  the  surface.'  Th6 
effect  of  different  types  of  etching  and  processing  solutions 
on  the  photovoltaic,  response  of  the  surface  at  individual 
points  is  usedto  investigate  the  nature  of  the  aging  and  chem¬ 
ical  changes  on  the  surface.  Dependence  of  the. photovoltaic 
response  and,  therefore,  of  electrical  characteristics  of  a 
semiconductor  surface  upon  applied  pressure  is  demon-, 
strated,  and  its  practical  consequences  are'discussed.  Var¬ 
ious  other  surface  phenomena  and  the  effect  of  temperature 
on  junction  behaviors  were  studied. 

By  the  electrical  response  to  the  repetitive  flexure  of  samples 
of  semiconducting  material,  particularly  silicon  dendrites, 
the  existence  of  subvisible  cracks  in  material  subjected  to 


mechanical  stresses  was  demonstrated.  These  are  self- 
healing  in  the  early  stages;  at  higher  temperatures,  they 

occur  more  easily,  and  annealing  apparently  does  not  occur. 

•  / 

The  new  mechanisms  of  transistor  failure  found  in  the  earlier 
stages  of  this  work  have  been  studied  further'. "  Characteristic 
changes  in  transistor  performance  have  been  demonstrated 
fromthe.chargingof  passivating  layers  by  electrons  or  ions, 
from  the  frictional  effects  of  loose,  desiccant  tinder  vibration, 
from  ultravioleUight;  and  from'  8.teep  transients  in  the  non-' 

'  -overload  range.  In  all  cases,  .recovery  occurs  by  a  relaxation 
.  '  mechanism,- whichi  if  translated  to  the  manufacturers'  care-. 

.  .  fully  planned  ambient  environment,  involves  time  constants 

pften  bf  days. or-mpnths.  • 

Anumber  of  failures  are  demonstrated  which  result  from  in-, 
adequate  design  or  poor  processing  techniques  in  commercial 
transistors.'  .  ’ 

A  multiple  parameter  study  of  the.  effects  of  short-period 
overl.oad.onvariouS.commercialtransistorsinthemilitary' 
.  specification quality  range  is  described. .  Conservative  build- 
>  '  .  .  up  of  stress  was  used,  and  discernible  degradatipn  appeared 
,  bn  several  transistor  types  near  the  end  of  the  testing  period, 
indicatingtlie  likelihood  of  further  degradation  with  extended 
testing.'  '. 

The  failure  in.thin films  in  memory  devices  at  bends  or.  steps, 
in  the  substrate  appears  to  be  due  to  poor  adhesion, 
as'wellas  to  any  stresses  involved  at  the  bend  in  a  perfectly- 
adhering,  film. 

A  theoretical  .study  of  the.  transient  ejects  in  semiconductor 
■  material's  because  of  combined  conduction  and  diffusion,,  in- 
'-.cluding  the  effect  of  temperature,,  and  the  heat'  dissipation' to' 
.be  expected  as  a  function  of  time,  frequency,  and  geometrical 
location  in  the  material  is  described:  this  should  be  useful  in 
respect  to  geometrical  design  to  avoid  maximum  heat  loss 
regions  for  given  frequency  ranges. 

A  study  of  the  effects  of  high  energy  radiation  of  ferrites  by 
use  of  the  Mossbauer  effect  is  described  in  full;  the  lattice 
structure  is  characterized,  andthe  fact  that  no  gross  chemi¬ 
cal  or  structural  changes  take  place  in  the  material,  up  to  a 
dose  of  10^^  rads,  is  confirmed. 

Another  study  of  the  effects  of  high  energy  radiation  is  also 
reported;  that  is,  the  effect  of  electron  irradiation  upon  ca¬ 
pacitance  and  particle  detection  ability  of  silicon  diodes.  The 
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nature  of  the  dependence  of  capacitance  on  radiation  dose, 
and  the  probable  existence  of  a  new  energy  level  in  the  for¬ 
bidden  region  are  shown. 
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1.  INTRODUCTION 

.  Under  the  sponsorship  of  the  Rome  Air  Development  Center,  Westinghouse 
Electric  Corporation,  Air  Arm  Division,  is'  conducting  a  study  to  identify 
the  .particular  mechanisms  involved  in  the  failure  of  electronic  materials  and 
electronic  parts,  and  to  accumulate  an  understanding  of  their  modes  of  opera¬ 
tion.  This  report  presents  the  work  of  the  fourth  quarter  and  summa.rizes  the 
work-  of  the  other  three  quarters  of  the  study  of  failure  mechanisms  in  elec¬ 
tronic  materials  and  components,  and  the  manner  in  which  the  results  may 
he  used  to  iniprove  the  reliability  of  military  systems. 

The  work  was  directed  toward  finding  causes  or  mechanisms  of  failure, 
and.utilizing  this  knowledge  of  the  physical  processes  and  behaviors  to  de¬ 
crease  component  failures;  it  was  not  directed  toward  finding  modes  of 
-failure  such  as  broken  leads,  dielectric  breakdown,  or  punchthrough,  since 
these  have  been  studied  extensively  fay  others. 

‘  U  '  .  y'  '  '  '  ■  '  :  ■  '  ■  ' 

During  the  four  quarters  of  the  study,  there  have  been  identified  three 
;mechanisms  of  transistor  failure  previously  unrecognized  or  insufficiently 
understood,  and  their  manner  of  affecting  component  performance  has  been 
shown  together  with  recommendations  for  avoiding  such  deleterious  effects. 
These  are:  transistor  failure  because  of  surface  charging  of  the  passivating 
layer,  because  of  nonov.erload  steep  pulse  gradients  during  use,  and  because 
of  loose  desiccant  in  the  transistor  during  vibration  or  acceleration  of  the  • 
system  contaimng  the  transistor.  A  number  of  Other  possible  mechanisms 
have  been  investigated. 

To  obtain  clues  as  to  previously  unsuspected  mechanisms  of  failure,  a 
study  was  made  of  each  of  two  military  data  processing  systems  throughout 
a  full  year  of  the  manufacturing,  assembly,  and  test  phases.  Systems  relia¬ 
bility  in  this  phase  of  the  total  cycle  has  not  previously  been  investigated. 
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The  systems  were  medium  and  highly  complex  respectively,  and  involved 
different  physical  processes  and  manners  of  data  handling.  Components  in 
them  included  samples  from  each  of  the  major  manufacturers  of  components 
of  quality  suitable  for  military  systems,  and  therefore  the  study  is  represent¬ 
ative  of  similar  results  to  be  anticipated  on  other  systems.  Types  and  distri¬ 
butions  of  failures  for  each  component  were  obtained  for  each  system.  The 
percentage  distribution  of  responsibility  for  failure,  and  indicated  by  types 
and  modes  of  failure,  was  derived  as  among:  manufacturing,  design,  test, 
supplier,  and  miscellaneous. 

Distributions  of  failure  of  various  component  types  implied  the  op>eration 
of  certain  identical  failure- producing  processes  or  combinations  of  mechan¬ 
isms,'  including  those  which  were  related  to  personnel  error.  A  "failure 
factor"  analysis  for  the  study  of  reliability  in  military  systems  was  developed 
as  an  addition  to  standard  statistical  analysis,  permitting  rapid  conclusion 
on  procedures,  favoring  reliability.  It  also  aids  the  prediction  of  component 
life  under  various  environments,  or  the  identifying  of  types  of  components, 
processing  techniques,  or  system  designs  which  will  increase  systems  reli¬ 
ability.'  • 

Some  transistors  which  had  been  tested  after  removal  because  of  systems 
malfunctioning,  and  shown  to  have  failed,  were  now  found  to  have  recovered 
and  to  exhibit  the  specified  performance.  In  a  number  of  others,  minor 
treatment  such  as  light  surface  etching  would  restore  the  performance.  Such 
spontaneous,  or  induced,  restoration  of  nearly  original  characteristics 
shows  that  a  fuller  knowledge  of  the  physical  behavior  of  failure  mechanisms 
from  the  original  raw  materials  to  the  final  delivered  military  system  can 
pay  immediate  dividends  in  increased  reliability. 

Three  new  types  of  apparatus  were  developed  for  studying  surfaces  of 
electronic  components,  based  on  the  interaction  between  chemical,  mechan¬ 
ical,  and  electrical  parameters  of  materials.  Each  furnishes  new  informa¬ 
tion,  and  one  should  be  of  considerable  value  both  to  the  study  of  mechanisms 
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of  failure,  and  to  the  improvement  of  fabrication  processes  to  enhance 
reliability.  Examples  of  the  sensitivity  and  use  of  this  apparatus  are  given. 
It  is  a  nondestructive  test  for  defects  in  solid  state  devices- which  promote 
failure. 

To  obtain  additional  information  about  surfaces  from  this. apparatus,  the 
interaction  between  the  surface  and  the  sliding,  probe  has  been  analyzed 
theoretically.  The  type  of  information  which  can  be  obtained  from  the  time- 
dependent  drag  of  the  probe  was  described  in  Quarterly  Report  3.  The  solu¬ 
tion  for.  the  stick-slip  behavior  .of  .the  probe  has  been  obtained  and  a  mass  of 
computer  calculations  partially  analyzed. 

.  The  nature  of  the  aging  process  of  a  semiconductor  surface  has  been  ex¬ 
amined  by  a  technique  that  enables  identification  of  the  aging  at  individual 
points  on  the  surface.  The  conclusion  follows  that  aging  occurs  differently 
at  contiguous  locations;  maximum  reliability  may  ^erefore  be  obtained  in 
solid  state  devices  through  particular  changes  of  fabricational  processes. 

An  unsuspected  variation  of  the  electrical  properties  of  semiconductor  sur¬ 
faces  near  wafer  edges  was  discovered;  this  calls  for  modification  of  dimen¬ 
sional  design  in  microcircuitry  in  the  vicinity  of  the  edges.  Experiments  . 
performed  throw  light  on  the  nature  of  the  chemical  processes  responsible 
for  aging  of  the  surface,  and  their  relation  to  the  chemical  treatments  given 
to  material  during  its  preparation.  .  .  ,  ' 

Electrical  characteristics  of  semiconducting  materials  have  been  found  to 
vary  noticeably  under  pressure.  This  discover>  has.  implications  in  the  use  , 
of  components  under  acceleration  or  pressure.  The  effect  occurs  only  dur¬ 
ing  applied  pressure.  .  Present  component  design  avoids  harmful  effects 
from  this  cause,  but  changed  fabrication  or  design  could  cause  it  to  appear. 

It  was  discovered  that  the  stressing  of  semiconductor  materials  which 
may  occur  during  scribing,  grinding,  or  polishing  can  produce  subvisible 
cracks  which  alter  the  electrical  performance  of  the  solid  state  device.  The 
sum  total  electrical  effect  of  a  series  of  junctions  and  connections,  ohmic  or 
otherwise,  made  according  to  present  fabricational  techniques  can  introduce 
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unbalanced  thermal  sensitivity  so  that  during  temperature  change  the  device 
performance  is  modified  by  transients  which  persist  until  final  thermal 
equilibrium  is  attained.  This  also  would  not  normally  be  detected  during 
routine  tests. 

The  effects,  of  internally  generated  heat  on  device  perforniance  and  the 
.  way  in  which' this  factor. can  be  utilized  to  locate  regions  of  probable  failure 
were  described  in  Quarterly  Report  3.  Various  types  of  behavior  contribute 
to  the  generation  of  heat,  and  a  nun^b'er  of  them  were  considered;  an  example 
.  is  giyen.:  It  follows  .that  thermal  measurements,  either  by  direct  conduction 
or  by  infrared  mapping  of  surfaces  as  a  fiinction  of  tinie,  will  be  valuable  in 
the  detection  of  likely  failures;  However,  it  is  bodi  known  and  lias  been 
shown  here,  that  not  all  failure  mechanisms  are  related  to  the  production  of 
heat,  and  therefore  other  methods,  of  investigation  must  be  used  as  well. 

The  failure  of  thin  films  at  bends  or  steps  in  a  substrate  and  a  number  of 
other  types  of  failure  have  been  investigated  individually,  up  to  the  point  at 
which  their  maximum  benefit  to  the  study  of  mechanisms  of  failure  has  been 
attained.  A  limited  but  detailed  multiple-parameter  study  of  transient  over¬ 
load  mechanisms  of  failure  arid  overload  during . on- off  condition  of  conruner- 
cial  transistors  is  reported. 

A  m^jor  amount  of  time  has  been  spent  in  investigating  the  effects  of  high 
.  energy  radiation,  within  the  energy  range  of  nuclear  radiation,  upon  solid 
state  dev^es.  This  was  done  primarily  by  two  methods:  the  sensitive 
Mossbauer  effect  was  used  to.  look  for  failure  mechanisms  in  ferrites,  and 
the  anomalous  behayior  of  the  effect  of  high  energy  radiation  upon  the  capa¬ 
citance  of  a  silicon  diode  was  investigated  in  considerable  detail. 

Of  the  results  from  the  work  described,  those  most  important  at  the  pre¬ 
sent  time  to  reliability  are  probably:  the  new  types  of  failure  discovered 
which  undoubtedly  are  occurring  in  present  military  systems,  the  new  infor¬ 
mation  obtainable  from  the  surface  of  materials  by  methods  developed  under 
the  contract  and  its  relation  to  failure,  the  information  with  respect  to  aping 
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of  semiconducting  surfaces,  and  the  effects  of  chemical  processing  techni¬ 
ques,  the  failure  factor  method  of  analysis,  and  the  ways  in  which  component 
fabrication  and  production  can  be  improved.  The  other  work  described 
should  be  of  considerable  value  later,  but  it  is  still  in  the  developmental 
stage  and  to  bring  out  its  ultimate  value  requires  some  additional  experi¬ 
mentation. 


2.  CONCLUSIONS 

The  following  conclusions  may  be  drawn  from  the  results  in  the  text  of 
this  and  the  three  earlier  reports: 

a.  -Transistors  may  fail  in  use  through  various  mechanisms,  a  number 
of  which  are  not.  presently  provided  against:  electrostatic  charging  of  the 
passivating  layer  during  manufacture'or  use,  the  effects  of  steep  pulses  of  a 
magnitude  less  than  overload,  frictional  effects  of  loose  desiccant  or  other 
material  within  the  case,  major  pressure  changes  resulting  from  environ¬ 
mental  change  or  acceleration. 

b.  In  a  number  of  cases,  "failed"  tramsistors  will  recover  over  a  period 
of  time,  or  the  cause  of  failure  is  sufficiently  slight  so  that  they  can  be 
restored  by  a  slight  etch  or  other,  treatment  of  the  surface. 

c.  Transistors  of  all  fabrication  types,  from  five  major  memxifacturers 
of  transistors  of  the  high  quality  necessary  for  military  systems  use,  upon 
being  tested  by  short  period  overloads  of  various  types,  showed  excellent 
performance,  for  the  main  part  being  unaffected  permanently  or  transiently 
by  the  overload  stresses.  Voltage  stressing  and  power  stressing  produce 
roughly  the  same  results,  the  major  effect  being  noticeable  in  low  or  high 
frequency  h^^  Only  continuous  operation  in  the  reverse  breakdown  region 
(which  would  be  expected  to  cause  damage)  appears  to  give  major  character¬ 
istic  changes  in  parameter  values.  High  voltage  turn-on  pulsing,  excessive 
power  dissipation  in  the  collector  breakdown  region,  and  continuous  operation 
in  the  reverse  breakdown  region  of  the  emitter-base  junction  appear  to  be  the 
most  severe  stresses. 

d.  Analysis  of  the  electronic  component  failures  during  a  year's 
assembly  and  test  of  each  of  two  military  data  processing  systems  supports 
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the  view  that  similar  groups  of  mechanisms  are  involved  in  the  failures.  By 
grouping  these  into  failure  factor  categories,  it  becomes  possible  from  the 
analysis  of  reliability  experiments  to  identify  particular  portions  of  individual 
components  whose  design  and  processing  should  be  .looked  at,  in  order  to 
increase  the  reliability  of  the  components,  and  therefore  the  system.  The 
failure  factor  approach  here  developed  ap^ars  to  be  an  aid  to  the  present 
statistical  analysis  of  failure.  '  ,  ■ 

e.  During  this  assembly  and  testing  phase,  it  was  shown  that: 

(1)  The  failure  rates. in  sys^m  A  were  one -seventh  or  less  those 
in  system  B  because  in  system  A  special  attention  was  paid  to  the  removal  of 
causes  for  failure,  and  primarily  because  of  the  incorporation  of  design 
reviews  and  the  steps  which  they  initiated. 

(2)  The  distribution  .of  responsibility  for  failures  observed  showed 
that  the  primary  responsibility  categories  by  components  were:  transistors  - 
supplier  and  manufacturing:  diodes  -  system  design  and  supplier;  capacitors  - 
manufacturing  and  testing;  resistors  -  testing. 

f.  Semiconducting  materials ,  at  . various  stages  in  the  processing  of 
solid  state  devices,  cemnot  be  regarded  as  either  uniform  or  constant  in 
electrical  ot  chemical  state.  Eyen  with  careful  processing,  contiguous 
regions  may  be  covered  by  quite  different  chemical  compounds  or.  be  in  quite 
different  energy  states.  Except  immediately  (or  a  considerable  time)  after  a., 
particular  etch  or  other  chemical  processing  (and  therefore  particularly 
during  the  period  in  which  further  processing  is  likely  to  take  place),  portions 
of  the  surface  are  separately  in  transient  states  between  that  resulting  from 
the  last  processing,  and  the  final  aged  state. 

g.  The  result  of  etching  a  semiconductor  surface  with  different  mater¬ 
ials  is  a  radically  different  surface  chemically.  The  surface  cannot  be  re¬ 
garded  as  just  a  surface  "from  which  the  oxide  has  been  removed."  The 
difference  in  the  chemical  nature  of  surface  regions,  and  of  adsorbed  sub¬ 
stances  from  different  types  and  techniques  of  etching,  has  both  materials 
and  electrical  significance. 
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h.  Routine  auid  accepted  processing  techniques  such  as  scribing,  grind¬ 
ing,  or  bimetallic  connection  welding  or  attachment  can  create  stresses 
sufficient  to  cause  cracks  which  alter  the  electrical  behavior  of  a  semicon¬ 
ductor  material.’  These  cracks  range  in  size  from  visible  to  subvisible;  the 
latter  show  self-healing  when  stress'is  removed,  but  may  be  demonstrated 
by  the  application  of  stress..  Since  the  cracks  can  be  demonstrated,  it  is 
Ukely  that  such  processing  techniques  also  create  commonly  described  defects 
in  materials ,  such  as  dislocations.  Elevated  temperature  increased  the-  rate 
of  formation  of  the  cracks  during  periodic  applied  stresses,  rather  than 
promoting  annealing. 

i.  The  effects  of  errors  in  processing  procedures,  and  the  presence 
of  either  chemical  or  structural  defects  in  the  material  or  device  can  be  pic¬ 
tured  precisely  by  the  ''electrical-frictional  probe"  apparatus  developed  vuider 
this  contract.  A  detailed  description  of  the  surface  can  be  obtained  through 
the  study  of  the  individual  traces  -  electrical,  frictional  drag,  load,  and  the 
stick-slip  behavior.  The  chemical  nature  of  the  surface  is  indicated  by  the 
first,  the  geometrical  and  structural  nature  by  the  other  two,  and  the  rate  of 
adhesion  buildup  by  the  stick- slip. 

j.  The  "electrical -frictional  probe"  can  furnish  information  either 
about  the  surface,  or  about  the  volume  of  the  material  directly  below  the 
surface,  depending  upon  circuit  parameters  and  environmental  parameters 
used.  By  mecuis  of  this  apparatus,  it  is  possible  to  follow  with  precision  the 
changing  nature  of  the  material  as  the  probe  travels  over  a  variety  of  p-  and 
n-type  surfaces;  there  is  an  indication  that  it  measures  the  degree  of  hetero¬ 
geneity  of  the  surface  remaining  after  a  supposedly  uniform  diffusion  or 
oxidation. 

k.  The  nature  of  the  chemical  compovinds  developing  at  specific  isolated 
points  on  the  surface  can  be  investigated  by  the  techniques  used  in  the  present 
work. 
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1.  The  properties  of  semiconducting  materials  depend  upon  the  curv¬ 
ature  or  geometry  of  the  interface  between  their  edge  and  air,  emd  upon  the 
pressure  of  contact  with  other  materials.  Unsuitable  design  can  cause  fail¬ 
ures  in  solid  state  devices  as  pressure  accumulates  with  changing  environ- 
ment2d  conditions,  mecheuiical,  thermstl,  or  other. 

m.  Surface  studies  by  means  of  repetitive  contacting  yield  characteris¬ 
tic  waveforms  whose  detailed  shape  is  dependent  upon  the  nriaterials  of.  the 
probe  and  of  the  surface.  The  waveform  and  contact  phenomena,  particularly 
the  charging  curve,  can  be  of  value  in  surface  studies. 

n.  Thin  films  passing  over  sharp  edges  of  steps  were,  in  the  present 
experiments,  fo\md  to  crack  and  separate  primarily  because  of  lack  of 
adhesion,  and  secondarily  because  of  any.  stresses  maximizing  at  the  edge  of 
the  step.  Reliability  of  the  device  is  therefore  promoted  by  increasing  the 
adhesion. 

o.  Lead  connections  and  internal  interconnections  in  ohmic  or  junction 
type  solid  state  devices,  show  performance  variability  with  chamging  tempera¬ 
ture,  and  the  sum  of  all  these  variations  results  in  a  drift  or  performance 
change  of  the  device  which  varies  with  time  until  temperature  equilibr;.um  is 
agalin  established.  To  overcome  this,  it  is  necessary  to  chemically 
(metallurgically)  and  electrically  design  internal  connections  as  carefully  as 
device  junctions  or  circuit  components  are  designed. 

p.  The  nature  of  heat  losses  in  materials  can  be  used  for  obteuning 
information  as  to  the  processes  euid  regions  connected  with  fedlure.  The 
well  developed  methods  by  which  loss  factor  and  dielectric  constant  can  be 
measured  can  be  utilized  directly  in  this  work.  Certain  identified  types  of 
losses  can  be  directly  sought,  and  other  types  can  be  inferred  from  the 
measurements. 

q.  The  loss  due  to  each  of  these  measurable  loss  factors  is  of  import- 
euice  primarily  in  a  particular  frequency  region.  These  frequency  regions 
can  be  identified  and  systems  design  can  be  so  planned  as  to  avoid  excessive 
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losses,  and  therefore  avoid  heat  production  and  reduce  the  number  of  mech¬ 
anisms  conducive  to  failure  in  the  military  use  of  the  system. 

r.  One  example  of  a  new  type  of  loss  connected  with  the  solid  state  be¬ 
havior  of  the  semiconducting  material  is  developed  theoretically  and  the  de¬ 
pendence  of  the  frequency  regions  at  which  excessive  heat  production  would 
be  expected  is  indicated. 

s.  The  result  from  the  Mo ssbauer  studies  of  high  energy  electron  ir¬ 
radiation  of  ferrites  confirms  magnetic  measurements  that  the  total  irradia¬ 
tion  used  (up  to  10^^  rads)  produces  little  measurable  change  in  the  composi¬ 
tion  or  chemical  structure  of  the  materials  studied.  Any  changes  which  may 
be  observed  in  the  electrical  properties  of  the  ferrite  types  studied,  as  a  re¬ 
sult  of  electron  irradiation,  must  be  caused  by  other  than  gross  structural 
changes. 

t.  The  capacitance  of  silicon  diodes  increases  significantly  with  the 
increase  of  high  energy  irradiation,  for  high  resistivity  base  material,  and 
remains  approximately  constant  for  low  resistivity  base  material.  Leakage 
current  increases,  high  frequency  noise  levels  increase,  and  little  annealing 
appears  to  take  place.  Indications  were  obtained  that  a  defect  energy  level 
existed  or  was  activated  in  the  forbidden  region. 
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3.  fj:commendations 


It  is  recommended  that: 

a.  The  large  amount  of  information  which  can  be  furnished  by  the 
"electrical-frictional  probe"  apparatus  with  respect  to  solid  state  devices, 
materials,  and  surfaces  be  more  fully  applied  to  the  elucidation  of  new 
mechanisms  of  failure,  and  the  detailed  study  of  the  behavior  of  known  ones. 
Also  that  it  be  utilized  in  improving  fabrication  techniques  to  promote  re¬ 
liability  of  the  completed  electronic  component. 

b.  That  accelerated  testing  procedures  be  examined  for  the  degree  to 
which  the  reliability  and  failure  results  from  them  agree  with  the  results 
from  normal  operation. 

c.  A  number  of  specific  processes  used  in  solid  state  and  microcir¬ 
cuit  technology,  particularly  those  in  which  success  is  a  matter  of  state  of 
the  art,  cause  quite  different  results  when  techniques,  concentrations,  or 
methods  of  performance  are  varied  by  reasonable  amounts.  Such  processes 
and  techniques  should  be  examined  more  fully  to  bring  out  the  nature  of  their 
dependence  upon  the  parametric  variables  connected  with  device  processing. 

d.  In  the  manufacture  of  transistors,  diodes,  and  microcircuit  de¬ 
vices,  there  should  be  included,  in  addition  to  the  present  design  and  re¬ 
liability  considerations,  provision  that  passivating  layers  will  not  become 
charged  or  will  lose  such  charge  rapidly,  that  no  possibility  exists  of  mate¬ 
rial  breaking  or  becoming  loose  and  rubbing  over  other  surfaces,  and  de¬ 
sign  to  minimize  any  harmful  effects  of  steep  pulses  upon  the  performance 
of  the  device. 

e.  Systems  design  include  the  consideration  of  transient  effects 
occurring  in  operation  and  at  turn-off  and  turn-on,  with  special  reference  to 
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stresses  imposed  on  components  and  the  resulting  degradation  of  perform¬ 
ance. 

f.  Systems  requirements  upon  devices  involve  more  than  is  included 
in  present  specifications,  since  different  components  meeting  specifications 
equally  well  can  exhibit  quite  different  reliability  and  perforniance.  The 
nature  of  the  additional,  requirements  which  should  be  incorporated  into 
specifications  to  ensure  best  performance  should  be  examined,  and  additional 
requirements  included  in  the  specifications. 

g.  Study  be  undertaken  of  the  way  in  which  instrumentation  developed 
under  the  current  contract  can  contribute  to  increased  reliability  of  systems 
using  components  subjected  to  nondestructive  tests. 

h.  In  any  further  work  on  semiconductor  materials  under  this  pro¬ 
gram,  the  chief  emphasis  be  placed  upon  the  "electrical -frictional  probe" 
and  periodic  contacting  apparatuses.  The  flexure  apparatus  should  be  used 
primarily  with  more  insulating  materials. 

i.  Additional  studies  be  uhdertadcen  on  the  development  of  reliability 
analysis  methods  which  will  permit  rapid  and  accurate  prediction  of  atntici- 
pated  life,  and  of  types  of  failure  to  be  expected,  and  will  identify  where  pre¬ 
cautions  should  first  be  added  in  order  to  improve  reliability  most  rapidly. 

As  a  first  contribution  to  this  end,  a  study  of  failures  in  the  fabrication  and 
packaging  environment,  and  in  field  use,  should  be  undertaken. 

j.  In  order  to  further  check  the  value  of  the  "failure  factor"  approach 
to  predicting  reliability  of  components,  and  to  implement  and  extend  the  ad¬ 
vantages  which  can  be  gained  from  this  technique,  a  program  be  set  up  to 
fabricate  specific  parts  of  devices  (especially  microelectronic  devices)  to 
give  more  meaningful  values  of  the  weighting  factors  under  different  environ¬ 
ments  and  with  different  types  of  components,  and  to  extend  the  range  of  its 
applicability,  so  that  numerical  calculations  can  be  made  of  predicted  re¬ 
liability  and  phases  of  component  structure  requiring  improvement. 
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4.  DATA  AND  DISCUSSION 

4.  1  CAUSES  OF  FAILURE  DURING  MANUFACTURE  AND  TESTS  OF 
MIUTARY  SYSTEMS 

4.1.1  Systems  Analyzed 

Two  complex  military  data  processing  systems  were  analyzed  in  detail 
for  the  types  and  causes  of  failure  of  electrical  components  during  1  year's 
manufacture  and  test  of  each,  before  ultimate  deliveries  to  the  user.  System 
A  is  more  complex  and  sophisticated  than  is  system  B,  containing  over  nine 
times  as  many  transistors  and  capacitors,  and  over  seven  times  as  many 
resistors  as  does  system  A.  The  circuits  are  more  sophisticated,  and  every 
attempt  has  been  made  to  make  the  system  as  reliable  as  possible  by  up¬ 
grading  the  reliability  of  components  (using  HI  RI  components  wherever 
possible,  and  a  number  of  CPV08  and  CPV09  capacitors),  and  in  other  ways. 

4.1.2  Reliability  Controls 

All  systems  failures  on  the  manufacturing  floor  are  detected  at  any  one  of 
five  levels  of  testing  by  Quality.  Control  testers.  Engineering  analysis  usually 
verifies  whether  the  component  actually  was  faulty,  by  tests  on  it  after  re¬ 
moval  from  the  system.  Stringent  controls  are  exercised  so  that  no  sub¬ 
stitution  of  a  component  can  be  made  without  turning  in  the  faulty  component 
and  initiating  a  series  of  quality  control  tests. 

The  components  used  are  not  only  chosen  initially  from  the  best  available, 
but  a  complex  procedure  for  ensuring  compliance  with  military  specifications 
and  reliability  is  incorporated  into  the  procurement  amd  use  of  the  components: 
(1)  An  independent  set  of  components  engineers  qualifies  each  component 
with  respect  to  its  design  drawing  before  it  can  be  used;  (2)  each  part 
is  also  qualified  as  a  part  of  its  subassembly  through  exhaustive  tests; 

(3)  full  specifications  are  drawn  up  and  agreement  is  obtained  from 

the  manufacturer  that  his  product  will  meet  these  rigorous  (rather  than  the 
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usual  production)  specifications;  (4)  33-percent  additional  parts  of  each 
type  are  purchased  and  the  extras  are  tested  to  destruction;  and  (5)  if  the 
failure  rate  is  too  high,  the  part  must  be  requalified  by  a  complicated  proce¬ 
dure  which  usually  involves  conferences  with  the  vendor's  upper  management,  j 

and  improvements  initiated  by  them  in  their  own  factories. 

Although  the  data  on  component  failure  obtained  from  these  systems  are 
much  more  detailed  than  would  usually  be  possible,  they  list  the  failure  mode 
rather  than  the  mechanism  causing  the  failure;  the  discrepancy  report  lists 
the  external  symptoms  of  what  went  wrong  with  the  part. 

4.  1.  3  Distribution  of  Modes  of  Failure 

These  modes  of  failure  have  been  analyzed  to  determine  the  relative 
frequency  of  types  of  failure,  and  therefore  what  malfunctioning  should 
receive  the  greatest  corrective  attention.  Also,  a  number  of  the  failed  com¬ 
ponents  have  received  detailed  autopsy  in  the  laboratory  to  determine  the 
mechanisms  involved  in  the  failure.  From  these  data,  and  the  experiments 
which  followed,  several  mechanisms  have  been  identified,  certain  of  them 
apparently  not  previously  suspected.  j 

For  each  of  four  types  of  components,  there  was  obtained  the  distribution 
of  modes  of  failure  in  each  of  the  two  systems.  Table  1  shows  the  distribution 
of  types  of  failures  in  transistors.  << 

From  the  table  it  may  be  seen  that  the  majority  of  transistors  failed  be¬ 
cause  of  shorted  junctions.  In  system  B,  C-E  shorts  were  predominant, 
while  in  system  A,  B-E  shorts  were  predominant.  Since  many  of  the  tran¬ 
sistors  used  in  both  systems  were  of  similar  types,  these  percentage  figures 
must  represent  the  different  stress  levels  the  transistors  were  subjected  to 
in  the  two  systems.  To  obtain  more  data  on  the  variation  of  transistor  fail¬ 
ures  with  B-E-  stress  and  C-E-  stress,  the  study  described  on  paragraph 
4. 18  below  was  undertaken. 

j 

i 

i 

_  ( 

^  Much  additional  data  is  given  in  Quarterly  Reports  2  and  3.  ! 
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TABLE  1 
TRANSISTORS 

COMPARISON  OF  VERIFIED  FAILURES 


Type  of  Part  Failure 

System  B 

System  A 

No. 

Percentage 

No. 

Percentage 

Shorted 

4 

4.  7 

5 

4.2 

Shorted  C-E 

24 

27.9 

12 

10.2 

Shorted  B-E 

2 

2.  3 

28 

23.7 

Shorted  C-B 

4 

4.  7 

12 

10.2 

Shorted  All  Elements 

4 

4.7 

6 

5.  1 

Shorted  B  -  B  (Unijunction) 

0 

o 

• 

o 

6 

5.  1 

Shorted  C-E,  Open  Base 

4 

4.7 

2 

1.7 

Subtotals 

42 

49.0 

71 

60.2 

Open 

5 

5.8 

1 

0.8 

Open  C-E 

2 

2.  3 

5 

4.2 

Open  B-E 

1 

1.  1 

4 

3.4 

Open  B 

1 

1.  1 

7 

5.9 

Open  E 

2 

2.  3 

*> 

1.7 

Open  C 

2 

2.  3 

0 

0.0 

Subtotals 

13 

14.9 

19 

16.0 

Low  Gain 

4 

4.7 

12 

10.2 

Low  Beta  Voltage 

3 

3.  5 

4 

3.4 

Degraded  Electrically 

14 

16.  3 

4 

3.4 

Failed  (more  details  not 

6 

7.0 

0 

0.  0 

known) 

Broken 

2 

2.  3 

3 

2.5 

Part  OK,  but  source  of 

2 

2.  3 

5 

4.2 

system  failure 

TOTALS 

86 

100.  0 

118 

99.9 

4.  1.  4  Failure  Rate  Ratios 


Besides  absolute  failure  r^es  for  each  component  in  each  system,  the 
failure  rate  ratios  between  components  were  computed. '  The  ratio  of  the 
failure  rate  of  tramsistors  to  that  of  diodes  was  close  to  0.  7  in  both  systems 
and  similar  ratios  (though  less  significant  statistically)  emerged  for  the 
ratios  with  other  components.  Both  absolute  failure  rates  and  failure  rate 
ratios  are  given  in  Quarterly  Reports  2  and  3. 

4.  1.  5  A  New  Approach  to  Reliability 

The  similarity  in  failure  rate  ratios  implies,  that  the  complex  mass  of 
failure  data  is  characterized  by  certain  regularities  which  persist  from 
system  to  system,  at  least  in  the  same  environment,  such  as  manufacturing 
and  test,  or  Such  as  field  use.  This  concept  has  led  to  the  formulation  of  a 
new  approach  to  reliability  considerations;  it  regards  certain  identifiable 
design  or  construction  characteristics  of  a  component  as  categories  or 
degrees  of  freedom  to  which  are  related  the  many  mechanisms  which  may 
cause  failure  in  the  component.  For  example,  the  number  of  leads  emerging 
from  a  component  will  affect  the  number  of  failures  which  may  be  expected 
from:  lead  breakage,  open  circuits  because  of  improper  lead  attachment  or 
joining,  errors  in  attaching  leads  to  voltage  supply  sources  with  subsequent 
burnout  of  the  component,  damage  to  other  components  from  accidental  short 
of  one  component  by  a  lead  from  another  component  during  assembly,  the 
susceptibility  to  deterioration  at  point  of  joining  by  chemical  or  other  proces¬ 
ses  such  as  "purple  plague,"  etc.  The  categories  are  here  cedled  "failure 
factors."  Some  analysis  of  the  failure  factors  was  included  in  Quarterly 
Report  3.  An  extended  treatment  is  given  in  paragraph  4.  2. 

The  relative  values  or  importances  of  failure  factors  in  particular  com¬ 
ponents  are  derived  from  the  experimental  data;  also  there  is  indicated  the 
method  of  determining  the  relative  weighting  which  should  be  assigned  to  a 
particular  failure  factor.  Since  a  major  difference  in  the  two  military  sys¬ 
tems  analyzed  was  the  type  and  reliability  of  capacitors  which  were  employed 
in  each,  a  narrow  range  of  failure  factor  weightings  has  been  derived  for 
capacitors. 
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4.  1.  6  Experimental  and  Conceptual  Bases  to  the  Approach 
4.  1.  6.  1  Error  and  Mean  Values 

In  Quarterly  Report  2,  it  was  noted  that  transistors,  diodes,  capacitors, 
and  resistors  each  exhibit  their  own  distinct  failure  rates.  These  failure 
rates  were  shown  to  be  significantly  different  from  each  other.  The  question 
arises  as  to  the  magnitude  of  errors  involved,  and  the  significance  of  the 
results.  The  failure  rates  represent  a  mean,  and  not  necessarily  the  exact 
value,  because  of  the  following: 

a.  All  parts  were  tested  under  a  wide  range  of  stress  conditions. 
Stresses  employed  are  not  outside  the  workable  ratings  of  the  devices; 
however,  system  design  considerations,  especially  in  system  B,  may  make 
full  use  of  the  allowable  range  of  stresses. 

* 

b.  Devices  were  classified  only  into  major  device  classifications;  each 
classification  contains  an  unclassifiable  distribution  between  processing 
variables  and  types  of  that  component.  Failure  rates  for  the  device  are 
therefore  average  rates. 

c.  The  calculation  of  device  failures  has  included  a  small  number  of 
failures  derived  from  the  assumption  that  those  devices  which  were  not 
tested  after  being  removed  from  the  system  would  have  a  proportionate 
number  of  failed  devices  the  same  as  those  which  were  tested.  While  this 
assumption  is  true  on  the  average,  it  may  be  somewhat  in  error  in  a  particu¬ 
lar  case. 

The  rates  obtained  were  those  in  factory  assembly  and  testing,  and  there¬ 
fore  are  more  nearly  but  not  exactly  in  the  range  of  infant  mortality  rather 
than  the  catastrophic  failures  occasioned  by  typical  useful  life  tests. 

Because  of  the  large  numbers  of  each  type  of  device,  over  ten  thoussuid  of 
each,  the  average  stress  of  an  average  device  treated  here  is  a  close 
estimate  of  the  mean  of  a  well-defined  distribution  of  stresses  and  devices. 
Comparison  of  the  means  is  therefore  a  legitimate  procedure,  and  the  con¬ 
clusion  may  be  made  that  each  of  the  four  group  types  of  devices  has  a 
distinct  failure  rate  characteristic  of  the  device. 
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4.  1.  6.  2  Time  Dependence 

The  consistent  use  of  the  constant  failure  rate  to  explain  device  failure  is 
justified  mainly  on  the  basis  that  it  is  a  clearly  definable  and  simple  way  to 
set  up  classifiable  equations.  In  actual  practice,  failure  rates  increase  with 
time,  which  is  the  reason  that  a  definite  time  has  been  chosen  in  paragraph 
4.  2  below.  The  times  of  failure  due  to  some  failure  factors  (or  subfactors) 
will  exhibit  a  bell- shaped  probability  distribution.  Here,  the  Weibull  dis¬ 
tribution’ll  might  more  accurately  describe  the  failure  factor  contributions  to 
device  failure.  However,  the  existence  of  two  parameters  in  the  elementary 


-t" 


-t^ 


*The  Weibull  distribution  is  described  as  F  (t)  =  1  -  e  ;  R  (t)  =  e 

r  r 

The  probability  density  function  is  f  (t)  =  —  t^  ^e  ,  The  failure  rate, 

r  a 

which  for  the  negative  exponential  distribution  is  constant  with  time,  is, 

,  0  6-1 

for  the  Weibull  distribution,  —  t  which  is  an  increasing  function  for  all 

P  >  1,  a  >  0.  In  the  case  when  p  =  1,  the  Weibull  reduces  to  the  negative 
exponential. 

Just  as  the  negative  exponential  is  used  in  paragraph  4.  2,  the  Weibull  may 


be  used. 


-yr  r  r  e^N  "I 

■^DEVICE  =  ^Tr  -P 


and  equations  set  up  to  predict  the  failure  rate  of  junctions,  leads,  etc. 

The  new  equations  would  be  based  not  on  failure  rates  and  their  summation 
but  on  a  summation  of  integrals  of  failure  rates: 

/P  P-1  t^ 

J- t  dt  =  — ,  i.  e.  ,  total  failures. 

. 
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failure  rate  expression  shows  that  much  more  data  would  be  necessary  to 
obtain  the  final  solution.  The  incorporation  of  mechanisms  of  failure  into 
the  equations  also  promises  to  be  much  more  complex  than  in  the  simple 
exponential  expression. 

4.1.7  Accelerated  Testing 

4.  1. 7.  1  Traditional  versus  Accelerated  Testing  of  Devices  for  Military  Systems 

Testing  of  electronic  components  individually  by  specification  is  insuf¬ 
ficient  for  purposes  of  use  in  military  systems.  Suitable  reliability  informa¬ 
tion  requires  that  the  components  be  systems  tested,  subject  to  the  various 
stresses  encountered  when  in  the  system. 

Greater  complexity  is  involved  in  analyzing  the  reliability  data  from  a 
systems  test  than  if  the  items  were  individually  placed  on  a  rack  and  operated 
on  a  preset  test  schedule.  The  failure  factor  method  can  yield  decreased 
complexity,  at  least  in  the  use  of  the  data  for  predictions  and  reliability 
evaluation. 

Under  present  day  technological  progress,  the  rate  of  improvement  of 
military  systems  by  design  review,  by  incorporation  of  new  concepts  and 
functions,  and  by  altered  military  requirements,  and  the  rate  of  advances 
in  solid  state  technology  are  so  rapid  that  when  the  results  are  obtained  for 


’i’Many  papers  have  been  written  on  the  mathematical  and  empirical  aspects 
of  the  Weibull  distribution.  It  is  difficult,  however,  to  incorporate  the 
Weibull  distributions  of  many  different  devices  into  the  distribution  of  the 
failure  time  of  a  system.  Of  particular  importance  is  when  that  system  no 
longer  has  a  straight  series  configuration.  For  convenience  in  this  report, 
it  has  been  assumed  that  all  devices  exhibit  the  series  configuration  ydth 
respect  to  the  failure  factors;  this  implies  that  device  operation  is  contin¬ 
gent  on  all  failure  factors.  This  is  not  necessarily  true.  If  actual  failure 
of  the  device  requires  several  failures  among  the  failure  factors,  failure 
rates  are  no  longer  additive.  Such  considerations  require  more  complex 
equations.  Stochastic  processes  can  make  such  equations  available,  and 
computers  can  solve  them,  if  the  additional  complexity  is  justified.  The 
use  of  decision  theory  and  Bayesian  techniques  can  be  of  considerable 
help  in  predicting  failure  rates  on  the  basis  of  a  short-term  life  test.  This 
technique  may  be  of  importance  in  precisely  determining  the  effect  of  fail¬ 
ure  mechanisms. 
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a  device  tested  traditionally,  both  the  system  and  the  device  may  be  obsolete. 
Nevertheless,  reliability  data  are  necessary  to  guide  systems  design.  The 
answer  would  seem  to  be  accelerated  testing.  This,  however,  introduces 
some  difficulties;  the  failure  factor  approach  may  help  overcome  the  difficul¬ 
ties,  and  improve  the  accuracy  of  reliability  predictions. 

4.  1. 7.  2  The  Failure  Factor  Analysis  as  an  Aid  to  Accelerated  Testing 

Accelerated  testing  procedures,  whether  weatherometer  tests  on  paint 
samples  or  electrical  tests  on  electronic  devices,  yield  distributions  of 
failures  which  rarely  agree  with  the  results  from  normal  life  test,  either  by 
distribution  among  modes  or  in  time.  The  reasons,  among  others,  include: 
(1)  nonlinearities  in  the  effect  of  different  mechanisms  of  failure,  (2)  inter¬ 
dependence  of  mechanisms  of  failure  so  that  an  increase  of  one  parameter 
increases  the  failure  due  to  others,  and  (3)  additional  stresses  or  omitted 
stresses  which  accompany  any  increases  in  the  stresses  used. 

In  solid  state  materials,  and  in  components  and  microcircuits  made  from 
them,  metallurgical,  chemical,  structural,  thermal,  mechanical,  and 
electrical  effects  are  combined,  and  the  effects  of  various  types  of  radiation, 
including  visual  and  IR  ranges,  may  modify  these.  Other  mechanisms  not 
fully  understood  undoubtedly  also  influence  component  life;  as  more  mecha¬ 
nisms  of  failure  are  identified  and  studied,  consideration  of  their  effects  can 
be  included  in  test  planning  and  analysis  to  improve  accelerated  testing. 
However,  even  before  this  knowledge  is  accumulated,  the  failure  factor  ap¬ 
proach  can  improve  the  quality  of  the  information  from  accelerated  testing. 

The  failure  rate  of  devices  from  various  mechanisms  of  failure  can  be 
expressed  by  some  statistical  distribution.  For  convenience,  the  exponential 
distribution  is  used  here,  but  similar  considerations  follow  for  other  tech¬ 
niques.  From  equation  4,  page  33,  the  reliability  with  respect  to  a  parti¬ 
cular  failure  factor  under  a  given  stress  environment  is 

‘^DEVICE, 
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For  a  given  identifiable  portion  of  the  device  such  as  lead  or  surface,  the 

failure  factor,  \  ,  is  corrected  to  K  X  for  the  nature  of  the  actual  stresses 
r  r  r 

as  compared  to  a  normal  stress  environment.  The  X^  is  a  generalized 

failure  factor  under  standard  stress  environment;  if  X  is  X^  ,  the  X^  is 

representative  of  the  general  overall  universe  of  types  of  leads  for  devices 

incorporated  in  the  system.  Depending  upon  the  number  and  particular 

leads  used  in  the  devices  of  the  system  examined,  a  weighting  factor  is 

assigned  which  is  characteristic  of  that  particular  system.  From  the 

mathematical  analysis,  there  emerges  a  value  for  each  KX  and  one  for  the 

weighting  factor.  The  weighting  factor  is  characteristic  of  the  system,  the 

KX,  of  the  failures  due  to  leads  for  the  particular  device  under  the  given 

stresses.  If  similar  analyses  of  the  system  under  a  number  of  different 

stress  environments  are  made,  a  set  of  K.  X  's  is  obtained.  Presumably 

’  jr  r  ^ 

in  all  these,  the  X  is  the  same,  but  the  K's  are  different.  To  illustrate, 
r 

consider  an  analysis  of  a  system  such  as  that  of  system  A  or  system  B  in 
paragraph  4.  2.  4,  but  depending  upon  only  two  failure  factors.  Under  normal 
stress  conditions,  which  here  are  assumed  to  be  essentially  zero  stress, 

K  X,  =1.6,  K  X_  =  0.  5,  for  the  unit  of  time  chosen.  An  accelerated  test  is 
performed  on  this  system.  To  obtain  more  rapid  failures,  the  stresses  are 
increased.  For  present  purposes,  one  stress  only  (say  mechanical  vibration 
or  mechanical  impact),  designated  as  s,  is  considered.  The  K's  are  there¬ 
fore  functions  of  s,  and  may  be  written  K(s).  Assume  that  an  analysis 
equivalent  to  that  for  system  A  or  system  B  has  been  undertaken  for  failures 
in  each  of  two  types  of  components  (transistors  and  diodes),  for  each  stress 
level,  and  the  values  of  the  K  X's  and  weighting  factors  which  result  are: 
Weighting  factors:  for  Kj^  X^  =0.25,  for  K^  X^  =1.  1  :diodes 

for  Kj  Xj  =0.  80,  for  X^  =0.  070  :  transistors 


Stress,  s 

Kj  (8)  Xj 
^2  («)  ^2 


7.7  11.4  21.6 
0.6  0.5  0.5 
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Allowing  for  experimental  error,  the  second  failure  factor  is  unaffected  by 
the  increased  stress,  and  the  first  increases  linearly  with  it. 

KjX,  =1.6  +  2. 

Kj  Xj  =  0.  5 

Since  the  X's  have  been  defined  to  be  independent  of  stresses,  the  increase  in 
measured  failure  factors  is  attributable  to  the  K's  only;  if  the  nonstress 
condition  is  taken  as  a  base  reference,  for  which  =  1, 

=  1.6.  X^  =  0.5,  =  (1.6  +  2s)/l.6,  =  1-0 

The  prediction  can  be  made  that  the  reliability  of  each  device  at  a  stress 
value  of  seven  units  will  be 

Rdi  =  exp  [o.  25(15.  6)  (1.  0)  +  1.  1  (1.  0)  (0.  5)]  t} 

=  exp  (-4.  45  t) 

Rtr  =  exp  [O.  80(15.  6)  (1.  0)  +  0.  70  (1.  0)  (0.  5)]  t  J 
=  exp  (-  12.  83  t) . 

Under  normal  stress,  the  reliability  would  have  been; 

Rdi  =  exp  {.[(0. 25)  (1.6)  (1.0)  +1.  1  (1. 0)  (0. 5) ]  t} 

=  exp  (-  0.  95  t) 

R^^  =  exp  [O.  80  (1.  6)  (1. 0)  +  0.  70  (1.  0)  (0.  5)]  t} 

=  exp  (-  1.  63  t). 

Under  normal  conditions,  therefore,  after  one  unit  of  time  the  ratio  of 
transistor-to-diode  failure  rates  would  be  close  to  2.0,  whereas  under  the 
accelerated  test,  the  ratio  would  be  nearly  54. 

Put  differently,  the  exponential  coefficient  resulting  from  the  first  failure 
factor  is,  at  the  stress  of  seven,  2.9  times  as  effective  as  that  from  the 
second  failure  factor,  whereas  at  normal  stress  the  first  is  only  1.7  times 
as  effective.  Such  changes  in  the  importance  of  failure  factors  are  indicated 
in  figure  1,  page  28.  The  fact  that  the  increased  failure  rate  under  accelerated 
testing  is  accompanied  by  a  change  in  the  distribution  of  failures  as  between 
transistors  and  diodes  is  characteristic  of  an  accelerated  test. 

If  the  effects  of  several  stresses  are  to  be  examined  in  the  accelerated 
test,  it  will  be  necessary  to  conduct  a  series  of  tests  in  which  each  of  the 


stresses  is  varied  independently.  Since  the  results  from  any  one  test  yield 
a  value  which  is  one  of  a  statistical  distribution  of  values  which  might  be 
obtained  by  performing  many  tests  of  the  same  type,  it  is  necessary  to 
perform  enough  individual  tests  in  each  series  so  that  the  nature  of  the 
distribution  and  its  characteristic  parameters  can  be  inferred. 

4.  1.  7.  3  Accelerated  Test  Design 

In  the  computations  in  paragraph  4.  2,  four  equations  were  set  up  using 
mean  values.  The  four  equations  were  the  failure  rates  for  each  of  four 
devices,  and  from  them  there  was  calculated  an  implied  value  for  each  of 
four  variables:  namely,  the  failure  factors,  the  K  X's.  The  development  also 
showed  that  weighting  factors  could  be  computed  which  brought  the  data  with 
respect  to  capacitors  into  consistency  with  the  remaining  data. 

On  a  very  elementary  basis,  the  computed  K  X's  could  be  used  directly 
in  making  analyses  of  the  failure  data,  and  by  inserting  them  in  standard 
equations,  predictions  on  reliability  would  be  indicated.  The  question  is, 
how  much  confidence  can  be  placed  in  such  predictions,  or  even  in  the 
computed  K  X's.  The  physicist  or  electronic  engineer  ::8  satisfied  with  such 
experimental  values  accompanied  by  a  statement  of  probable  error,  which 
he  usually  regards  as  so  small  that  it  may  be  ignored.  The  problem  here  is 
a  statistical  one,  in  which  error  is  not  necessarily  small,  and  confidence 
limits  must  be  established. 

The  statistical  problem  which  is  faced  by  the  reliability  engineer  is  much 
more  complex.  For  him,  the  problem  that  he  is  given  is  a  set  of  equations 
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and,  not  a  single  experiment  which  gives  the  value  of  h,^,  etc,  as  in  the 

example  given,  but  a  number  of  experiments  which  yield  a  distribution  of 

values  of  each  with  a  mean  h.  and  a  certain  confidence  limit  determined  by 

1 


25 


the  distribution,  calculable  from  the  sum  total  of  experimental  values.  From 
these  ranges  of  the  h^'s,  for  example,  with  a  confidence  limit  of  90  percent 

2.4  <  <  11.  4,  3.9  <  <  6.  8, 

0.01  <  K„  X„  <  0.  80,  0. 15  <  X^  <  1.  1, 

he  must  determine  mean  values  and  confidence  limits  of  the  K  X's.  The 
problem  is  a  considerably  more  difficult  one.  It  is  essentially  the  substitu¬ 
tion  of  functions  considered  over  a  range  of  values  of  the  variable,  in  place 
of  the  constants  in  the  matrix  development. 

If  enough  experiments  have  been  performed  to  permit  the  representation 
of  each  of  the  h^'s  by  a  suitable  distribution,  the  equations  may  be  set  up  as 
in  paragraph  4.  2.  4,  except  that  the  h^'s  are  not  numbers  but  functional 
expressions  for  the  distribution.  The  present  analysis  has  assumed  expo¬ 
nential  distributions;  these  are  the  simplest.  Analogous  techniques  could  be 
developed  for  other  distributions  at  the  expense  of  considerably  greater 
processing  effort.  Formal  solution  of  the  matrix  now  yields  not  a  number 
but  a  set  of  functional  expressions  for  each  of  the  failure  factor  K  X's. 

These  expressions  will  not  necessarily  be  typical  distributions  used  in 
statistical  analysis.  Either  they  must  be  approximated  by  a  suitable  type 
of  statistical  distribution,  through  plotting  and  fitting,  or  new  techniques  for 
working  with  the  new  types  of  functions  must  be  developed  statistically.  If 
the  former  approach  is  used,  another  question  arises;  namely,  to  what 
degree  are  confidence  limits  changed  by  the  use  of  the  approximation. 

To  some  extent,  the  difficulties  may  be  mitigated  by  commencing  the 
analysis  with  the  use  of  several  different  possible  groups  of  failure  factors. 
Utilizing  the  same  tests,  the  results  of  using  each  of  these  groups  can  be 
examined  to  see  which  group  yields  the  best  set  of  confidence  limits.  As 
the  preciseness  of  the  results  increases,  less  difficulty  can  be  anticipated 
from  the  overall  distribution  of  values. 

From  the  data  calculated  in  paragraph  4.  2.  4,  it  is  possible  for  the 
engineer  to  predict  the  reliability  of  a  system.  Similarly,  it  is  possible  for 
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him  to  analyze  the  results  of  a  set  of  tests  of  failure  in  the  system.  However, 
the  prediction  and  the  analysis  will  be  characterized  by  the  fact  that  the 
user  cannot  tell  how  likely  any  future  experiment,  or  how  likely  the  per¬ 
formance  of  a  military  system  in  use,  is  to  agree  with  the  prediction  or 
analysis.  Froi..  the  data  at  hand,  it  is  the  prediction  of  the  most  likely 
behavior;  however,  this  is  no  guarantee  that  for  any  given  percentage  of 
military  systems,  the  prediction  will  be  found  to  be  obeyed.  Just  as  in  any 
statistical  reliability  analysis,  a  number  of  experiments  are  necessary  to 
establish  such  a  confidence  factor. 

The  design  of  accelerated  testing  experiments,  therefore,  requires  both 
the  performance  of  a  number  of  experiments  for  each  stress  level,  and  a 
suitable  choice  of  a  statistical  distribution  function  for  the  K  X's. 

Certain  types  of  such  distributions  have  been  considered,  and  offer 
promise  towards  being  utilizable  within  an  accelerated  test  design.  None 
has  as  yet  completely  fulfilled  the  desired  characteristics. 

However,  it  is  evident  that  the  response  of  the  devices  (and/or  system) 
to  increased  stresses  which  may  otherwise  be  apparently  chaotic  and 
random  can  be  made  more  tractable  by  using  the  several  failure  factors 
connected  with  portions  of  the  device  as  a  set  of  quantities  whose  individual 
variation,  as  the  stresses  are  increased,  is  considered  separately.  Thus, 
in  figure  1,  if  the  relative  importance  of  a  failure  factor  under  various  stres¬ 
ses  is  that  shown,  the  total  failure  distribution  at  normal  stress  will  be 
determined  by  the  relative  importance  of  the  different  failure  factors,  with 
I  being  the  most  effective  and  IV  the  least.  With  increased  stresses,  the 
relative  importance  changes,  and  eventually  III  is  overwhelmingly  the  major 
cause  of  failures.  The  essential  contribution  which  the  failure  factor  approach 
has  made  is  to  provide  a  functional  skeleton  with  which  to  put  the  data  into 
order. 
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Figure  1.  Device  Response  to  Inci easing  Stress 


4.  1.7.5  Conclusion 

It  has  been  shown  that  the  failure  factor  analysis  permits  the  use  of  a 
relatively  few  subdivisions  for  the  analysis  of  the  failure  data,  such  sub¬ 
divisions  being  chosen  to  contain,  each,  a  number  of  other  subfactors. 

The  failure  factors  themselves  can  be  computed  (as  in  paragraph  4.  2.  4) 
from  the  failure  data  for  a  given  system  and  stress  environment.  By 
confining  the  number  of  failure  factors  to  a  small  number,  it  is  possible 
to  obtain  relatively  unambiguous  values  for  them  with  a  small  number  of 
devices  being  included  in  the  test,  and  to  do  this  while  the  devices  are 
tested  in  a  system,  rather  than  individually.  The  results  can  be  used  either 
for  accelerated  test  design,  or  for  extending  accelerated  test  results  back 
to  what  would  have  been  obtained  if  the  test  had  been  conducted  under  normal, 
unaccelerated,  conditions. 

Complete  correction  would  require  a  large  number  of  factors;  it  would 
also  introduce  nonlinearities  and  interdependent  quantities.  By  choosing  a 
reasonably  small  number  of  failure  factors,  each  is  a  summation  of  a  number 
of  subfactors  (and  therefore  of  the  effect  of  a  number  of  failure  mechanisms). 


As  is  well  known,  such  a  summation  over  a  reasonably  large  number  of 
subfactors  tends  to  smooth  out  the  sum  total  effect,  and  the  dependence  of 
individual  K  X's  upon  the  stress  is  likely  to  be  smooth  and  monotonic 
rather  than  pathological.  The  mathematical  manipulations  become  simpler 
and  linear  relations  tend  to  be  acceptable.  In  any  case,  a  minimax 
decision  must  be  made  with  respect  to  the  number  of  failure  factors  neces¬ 
sary  to  provide  for  the  different  types  of  alteration  of  failure  which  increased 
stresses  entail,  while  at  the  same  time  not  unduly  overloading  the  mathe¬ 
matical  processing. 

Once  the  K's  and  the  X's  have  been  determined  for  the  type  of  component, 
type  of  leads,  etc  ,  for  the  normal  stress  environment,  and  as  a  function 
of  stress,  any  accelerated  tests  can  be  converted  to  values  which  may  be 
used  to  predict  reliability  of  life  under  normal  use.  The  simultaneous 
determination  of  the  weighting  factors  for  the  particular  system  permits 
using  the  values  computed  for  normal  stress  environment  for  that  particular 
system  in  predicting  system  reliability.  Since  this  can  be  done  with 
accelerated  testing,  the  system  reliability  to  be  anticipated  under  normal 
stresses  can  be  predicted  in  a  period  of  test  time  which  is  not  so  great 
as  to  render  a  system  or  device  obsolescent. 
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4.  Z  FAILURE  FACTOR  MODEL  FOR  ANALYSIS  AND  PREDICTION  OF 
COMPONENT  RELIABILITY 

The  aim  of  the  following  treatment  is  to  supplement  present  failure  analy¬ 
sis  techniques  with  one  which  can  progressively  be  made  more  exact  as 
knowledge  of  various  failure  mechanisms  and  the  laws  of  their  behavior  be¬ 
comes  progressively  more  complete.  Anticipated  advantages  which  can  re¬ 
sult  as  the  understanding  of  mechanisms  of  failure  is  incorporated  into  the 
model  are:  more  complete  analysis  of  what  exactly  is  taking  place  in  deterior¬ 
ation  and  failure  of  a  component;  more  precise  prediction  of  reliability  and 
probable  average  life  under  various  environments;  and  identification  of  partic¬ 
ular  areas  which  need  to  be  examined  to  improve  fabrication  and  hemdling 
processes  so  as  to  remove  causes  of  failure. 

Each  failure  factor  is  an  easily  identifiable  part  or  structure  of  the  com¬ 
ponent,  or  is  a  major  property  of  the  component  sufficiently  definite  to  be 
identifiable  and  controllable  through  the  fabrication  process.  For  example, 
the  number  of  junctions  in  a  device  (transistor  or  diode  or  complex  functional 
electronic  block)  is  definite,  and  each  mechanism  of  failure  which  requires 
the  existence  of  a  junction  will  have  m  times  as  many  chances  to  operate  in 
a  component  with  m  junctions  as  in  a  diode  with  a  single  junction.  Similarly 
the  types  of  mechanism  which  are  related  to  the  failure  factor  titled  "leads" 
are  described  in  paragraph  4.1.5  above. 

The  very  large  number  of  processes  which  are  subsumed  under  present 
statistical  failure  formulation,  and  the  small  degree  of  knowledge  which  it 
is  assumed  is  available  with  respect  to  each,  are  replaced  by  a  formulation 
in  terms  of  specifically  identifiable  factors,  characteristic  of  the  component, 
which  are  related  to  the  mechanisms  of  failure.  These  failure  factors  furnish 
a  finite  number  of  categories  to  which  the  various  known,  and  the  as  yet  uni¬ 
dentified  mechanisms  of  failure  may  be  correlated.  Being  small  in  number, 
their  mathematical  treatment  imposes  a  smaller  complexity  than  if  a  very 
large  number  of  categories  were  required.  The  uncertainty  of  the  treatment 
of  infinite  numbers  of  processes  or  events  is  replaced  by  the  corresponding 


uncertainty  as  to  the  number  of  actual  mechanisms  which  contribute  to  a 
particular'failure  factor.  However,  the  failure  factor  as  a  category  has 
a  definite  weight  for  a  given  environmental  situation,  given  components, 
and  given  definitions  of  failure.  As  more  knowledge  is  obtained  about  any 
particular  mechanism  of  failure,  this  knowledge  can  be  incorporated  into  the 
failure  factor  analysis  by  changing  the  weighting,  or  in  extreme  cases  by 
suggesting  the  choice  of  an  additional  failure  factor  for  consideration. 

Philosophically,  and  presumably  practically  (as  knowledge  accumulates), 
each  failure  factor  itself  can  be  broken  down  into  further  subfactors,  which 
take  into  account  all  the  dimensional,  material,  structural,  and  manufactur¬ 
ing  differences  to  be  found  among  the  various  components  or  solid  state  de¬ 
vices,  For  the  maximum  degree  of  breakdown,  the  four- dimensional  vector 
which  is  treated  below  would  be  replaced  by  an  N- dimensional  vector  where 
N  can  be  a  very  large  number.  The  matrix  formed  by  such  a  system  would 
be  nearly  impossible  to  solve,  and  the  data  to  support  the  solutions  of  such 
equations  would  be  too  costly  to  obtain.  The  failure  factor  mode  of  analysis, 
though  not  yet  completely  definite  in  the  sense  of  a  complete  description  of 
each  mechanism,  bears  the  same  relation  to  the  individual  mechanisms  as 
do  the  measurable  quantities  of  a  sample  of  gas  or  liquid,  such  as  pressure, 
temperature,  density,  molecular  weight,  etc,  to  the  precise  description  of 
the  individual  velocities,  positions,  and  true  individual  masses  of  the  mole¬ 
cules  comprising  the  sample. 

Error  in  measurement,  and  other  uncertainties  is  still  applicable,  just 
as  in  the  standard  present  methods  of  statistical  analysis.  These  can  only 
be  reduced  by  increased  knowledge  and  control.  However,  as  the  knowledge 
of  natural  processes  connected  with  deterioration  and  failure  increases,  it 
can  be  incorporated  into  the  failure  factor  model  to  increase  the  precision  of 
description,  and  the  practical  utility  of  the  analysis  for  planning  fabrication 
operations  and  cleanliness  and  other  safeguards,  and  for  better  analysis  of 
causes  of  failure,  and  failure  rates,  and  therefore  reliability  to  be 
anticipated. 
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4.2.  1  Basic  Formulation  of  Failure  Factor  Approach 

Assume  the  negative  exponential  distribution  of  failures  within  the  devices. 

The  failure  distribution  function,  F  ,  of  the  r^^  failure  factor  as  a  function 

r 

of  time,  t,  is 


F^(t)  =  1  -  exp  (-X^t)  (1) 

th 

where  X  is  the  constant  failure  rate  of  the  r  failure  factor.  The  relia- 
r 

bility  with  respect  to  that  factor  at  time  t  may  be  defined  as  the  probability 
that  the  device  has  not  failed  as  a  result  of  the  mechanisms  connected  with 
the  failure  factor: 

R^(t)  =  exp  (-X^t).  (2) 

The  reliability  of  the  device  itself  is  the  probability  that  no  failure  has 
occurred  as  a  result  of  any  failure  factor 
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The  unit  in  terms  of  which  the  failure  rate  is  measured  depends  upon  the 
basic  unit  of  time;  e.g.  ,  the  number  of  hours  the  devices  were  operated  or 
whether  this  is  measured  in  hours  or  days,  etc.  Correction  may  be  made 
for  the  time  unit  by  substituting  KX  for  X  in  the  equations. 

The  introduction  of  the  factor  K  can  be  made  more  useful.  Different 
environments  and  different  procedures  of  testing  correspond  to  different 
stressing  of  the  system  being  measured.  If  the  X^  is  interpreted  as  the 
failure  rate  from  the  r^^  failure  factor  under  a  standard  set  of  stresses, 
more  intense  or  less  intense  stresses  than  the  standard  can  be  indicated  by 
changing  the  value  of  the  K  in  the  product  KX.  The  reliability  of  the  compon¬ 
ent  as  measured  in  the  system  A,  whose  design  and  whose  testing  procedure 
impose  a  particular  set  of  stresses  upon  the  components  is  then 
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In  a  different  system  so  designed  that  different  stresses  exist,  and  under 
different  environmental  and  test  conditions,  the  measured  reliability  of  the 
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component  would  be 


R 


Device 


=  exp  (- 
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t). 


Using  a  given  unit  of  time,  then,  the  r  failure  factor  for  system  A  with  its 

stresses  may  be  defined  as  .K  X  . 

A  r  r 

By  analyzing  the  observed  failures  within  a  given  system,  and  determining 
the  numerical  value  of  the  exponential  coefficient  of  t  which  must  be  used  to 
express  the  reliability  of  the  component  in  that  system,  a  value  is  obtained 
for  the  sum  of  the  failure  factors.  If  this  is  done  for  each  component  analy¬ 
zed  in  the  system,  a  set  of  simultaneous  linear  equations  results,  and  the 
solution  of  these  yields  the  individual  values.  In  paragraphs  4.  2.  3  and  4.  2.4 
it  is  shown  that  not  only  is  it  possible  to  determine  the  values  of  the  failure 
factors,  but  also  the  ranges  of  appropriate  weightings  for  each  failure  factor. 

In  certain  cases,  the  weighting  is  obvious.  A  device  with  three  leads  will 
have  three  opportunities  for  the  action  of  any  mechanism  which  is  connected 
with  the  failure  factor  related  to  leads.  In  other  cases,  the  weighting  is  not 
obvious,  and,  as  below,  must  be  determined  by  analysis  of  the  data. 

4.2.2  Cautions 

Some  misinterpretations  which  must  be  avoided  should  be  specifically 
mentioned,  and  the  correct  point  of  view  is  formulated  below. 

The  failure  factor  is  a  subdivision  of  the  categories  within  which  failure 
may,  in  general,  occur.  With  the  exercise  of  a  little  ingenuity,  it  would  be 
possible  to  subdivide  each  failure  factor  into  a  number  of  further  failure 
factors,  as  desired.  Too  great  a  subdivision  defeats  the  purpose  of  the  pre¬ 
sent  approach,  however. 

The  failure  factor  is  not  a  summation  of  mechanisms  of  failure.  It  is  a 
category  within  which  the  summation  of  effects  of  the  various  mechanisms 
can  be  included  by  knowledge  of  how  these  mechanisms  behave  as  a  function 
of  the  various  stresses  which  exist  in  the  system.  Suitable  use  of  the  infor¬ 
mation  obtained  on  the  mechanisms  of  failure  and  their  performance,  permits 
closer  definition  of  the  failure  factors. 
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Each  mechanism  of  failure  is  more  or  less  effective  depending  upon  the 
environmental  conditions.  Changes  in  conditions  such  as  temperature, 
mechanical  shock,  applied  voltage,  concentrations  of  chemical  agents,  etc, 
determine  whether  the  mechanism  actually  contributes  to  failure,  and  to 
what  extent  or  at.  what  rate  it  does  so.  Lacking  a  word  to  define  effects  of 
such  quantities  upon  the  mechanisms,  with  respect  to  increasing  or  decreas¬ 
ing  the  effectiveness  of  the  operation  of  that  mechanism,  or  to  whether  the 
mechanism  operates  at  all,  quantities  such  as  temperature  or  applied  voltage 
will  be  termed  activators  of  the  failure  mechanisms. 

The  failure  factors  themselves  (the  KX's)  have  values  depending  upon  the 
environmental  stresses,  fabrication  technology,  euid  the  time  unit  used.  They 
do  not  have  a  given  constant  value  such  as  "one.  "  As  shown  below,  their 
value  is  to  be  determined  by  solution  of  a  matrix. 

4.2.3  Present  Formulation:  Four  Failure  Factors 

For  reasons  described  in  the  Quarterly  Report  3  (pp.  20-22,)  four  failure 
factors  were  chosen  for  analysis  of  the  results  obtained  in  the  detailed  study 
of  failures  in  the  two  military  data  processing  systems  during  manufacture 
and  test.  These  factors  are:  leads,  junctions,  and  volume  or  bulk  material, 
and  the  surface.  This  is  an  initial  attempt  to  define  the, major  failure  factors 
which  should  be  considered,  and  must  be  judged  in  terms  of  the  consistency 
and  utility  of  the  results.  Other  choices  of  failure  factors  are  possible; 
however,  the  ones  chosen  possess  the  advantage  of  clear  definability,  without 
confusion  as  to  the  correlatibility  of  each  of  the  component  subfactors. 

On  a  very  elementary  level,  the  weights  which  are  to  be  assigned  to  each 
failure  factor  are  evident  in  the  cases  of  transistor  and  diode,  the  chief  com¬ 
ponents  which  are  candidates  for  failure  study.  These  are: 


Transistors: 

3  F_  +  2 

Lj 

+  1F^  + 

(5) 

Diodes: 

2  F,  +  1 

F^ 

+  1  F„  + 

L 

J 

V 

S 

where  L  denotes  leads,  J  junctions,  V  semiconductor  bulk  or  volume 
material,  and  S  semiconductor  surfaces.  If  only  transistors  and  diodes 


35 


were  under  consideration,  equations  5  could  be  satisfied  by  the  choice  unity 
for  each  failur.'^  factor,  so  that  the  ratio  of  failure  factors  in  general  in  the 
two  systems  would  become  a  model  ratio  of  5:7,  i,  e.  0.  714,  which  is  very 
close  to  the  observed  ratio  in  the  two  systems.  The  additional  experiiinental 
data  gathered  indicates,  however,  that  while  the  sums  of  the  weighted  failure 
factors  are  7  and  5  respectively,  the  individual  values  of  the  failure  factors 
differ  markedly  from  1  as  shown  below. 

Since  more  or  different  failure  factors  could  have  been  chosen,  yielding 
a  different  ratio,  some  justification  is  necessary  for  this  choice  of  four 
factors.  The  experiments  under  the  present  contract  have  shown  the  impor¬ 
tance  of  both  the  surface  and  the  bulk  behavior  of  solid  state  components  in 
the  accumulation  of  mechanisms  of  failure.  It  is  well  known  that  failures 
occur  at  junctions,  and  the  results  on  percentages  of  failures  which  are  shorts 
between  emitter,  base,  and  collector  in  the  two  systems  point  to  junctions 
as  a  major  failure  factor.  Reasons  for  the  importance  of  leads  as  a  failure 
factor  are  given  in  Quarterly  Report  3  on  p.  20  and  in  paragraph  4.  1.  5  above. 
No  other  clearly  identifiable  portion  of  the  structure  of  the  component  has 
the  same  definiteness  or  importance  that  the  four  chosen  do,  and  those  which 
come  to  mind  can  be  shown  to  be  categorizable  under  the  four  here  chosen. 
Thus,  suitable  encapsulation  may  appear  to  be  a  failure  factor.  However, 
the  various  effects  resulting  from  improper  encapsulation  may  be  shown  to 
affect  the  surface  or  the  leads,  with  some  slight  effect  on  the  other  two 
failure  factors. 

However,  the  consistency  of  the  approach,  and  the  justification  of  the 
choice  of  these  factors,  requires  more  support.  Therefore,  to  test  this 
approach,  the  utility  of  the  application  of  the  four  factors  to  the  other  two 
components  is  examined.  This  is  a  more  severe  test,  since  various  types 
of  (not  merely  makes  or  processes)  resistors  of  different  materials  and 
various  types  of  capacitors  operating  on  different  principles  are  included  in 
the  failures  analyzed  in  the  two  systems.  The  test  is  further  complicated 
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by  the  fact  that  some  major  differences  exist  in  system  A  as  compared  to 
the  technology  of  system  B,  because  of  the  necessity  for  higher  reliability. 
The  weighting  of  the  failure  factors  for  resistors  will  be 
Resistors:  2  +  0  Fj  +  1  F^  +  0  Fg  (6) 

Because  of  the  major  differences  in  capacitors,  two  solution  techniques 
were  used:  the  first  was  to  use  the  above  three  equations,  and  sharpen  up 
the  values  by  applying  the  requirement  that  all  weightings  and  all  failure 
factors  must  physically  be  positive  valued  quantities;  the  second  was  to  as¬ 
sign  undetermined  weights  to  three  capacitor  failure  factors,  and  see  whether 
consistent  weights  (six  unknowns)  could  be  found  that  would  satisfy  the  14 
conditions  of  nonnegativity;  in  addition  to  the  excess  of  conditions  to  be  met, 
physical  consistency  requires  that  the  values  obtained  for  the  various  quan¬ 
tities  entering  into  the  equations  be  reasonable. 

4.2.4  Computation  of  Failure  Rates  and  Weightings  of  Failure  Factors 
4.2.4. 1  The  Equations,  and  Matrix  Formulation 

The  equations  for  the  failure  rates  are  therefore  equations  5  and  6.  If 
major  changes  had  not  been  incorporated  into  the  capacitor  sample  and 
environment,  it  would  be  natural  to  include  a  fourth  equation,  namely 

Capacitors:  2  F^^  +  2  Fj  +  1  F^  +  0  Fg  (7) 

or  2  F.  +  0  F^  +  1  F„  +  2  F^ 

ij  J  V  S 

depending  upon  whether  the  metal-insulator  interface  in  the  capacitor  is  to 

be  regarded  as  functioning  more  like  a  junction  or  more  like  a  surface. 

*  Specifications  were  tighter,  design  reviews  were  incorporated  into  the 
schedule  and  better  heat  disposal,  better  voltage  regulation,  and  more 
protective  circuitry  was  incorporated.  Different  types  of  physical  proc¬ 
esses  were  involved  in  the  data  acquisition  and  processing,  which  was  more 
precise  for  system  A.  Capacitors  were  upgraded,  HI  RI  types  being 
used  almost  everywhere,  and  CPVO-8  and  CPVO-9  types  used  in  the  most 
important  locations;  a  derating  policy  was  incorporated,  so  that  no  capac¬ 
itor  was  used  at  more  than  50  percent  of  its  rated  voltages;  electrolyt- 
ics  (the  only  electrolytic  condensers  in  B  were  tantalum,  since  aluminum 
may  not  be  used)  were  designed  out  of  the  initial  design  wherever  possible, 
there  being  included  general-purpose  ceramic  (0.001  percent/lOOO  hours) 
quality  mica  or  paper  capacitors,  and  mylar  types. 
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For  reasons  given  in  the  footnote  on  page  37,  and  because,  for  example, 
the  CPVO-8  capacitors  contain  two  metal  sheets  rolled  into  a  spiral  with 
insulation  between,  and  with  some  15  to  20  or  more  layers  of  the  metal  inter¬ 
secting  a  given  radius  because  of  the  spiral  winding,  this  cannot  be  done. 
Furthermore,  it  is  desirable  to  determine  the  extent  to  which,  in  this  type 
of  formulation,  the  mechanisms  of  failure  distribute  themselves  in  capacitor 
failure  as  if  the  metal  dielectric  interface  were  a  surface  or  as  if  it  were  a 
junction. 

Using  as  a  unit  of  time  that  time  in  which  7  transistors  failed  in  system  B, 
the  notation: 


^  _  proportionate  failure  rate  of  the 

B  L  L  ~  leads  under  the  stress  of  system  B 

proportionate  failure  rate  of 
junctions  under  the  stress  of  system  A, 

the  equations  and  their  associated  matrices  for  system  B  become. 


Transistors: 

Diodes: 

Resistors: 

2„K_X-  +0+„K-X  +0  =  0.25 

Li  Lj  x5  V  V 

Capacitors: 

^  *b  B*^J^J  ^  ^3  ^  *4  B^S^S  " 

0.35 


(8) 


so  that  for  system  B, 


3 

2 

1 

1 

7 

2 

1 

1 

1 

B^J^ 

5 

2 

0 

1 

0 

0.25 

2 

^3 

^4 

B  S  S 

0.35 

m  m 

(9) 


For  system  A,  the  weights  in  the  case  of  capacitors  may  be  different. 
Therefore, 
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(10) 


3  2  11 

1 

A  L  T  ^ 

2  111 

0.71 

A  J  J 

_ 

2  0  10 

*K„X„ 

0.036 

A  V  V 

2  XX,  X. 

0.26 

a  12 

ASS 

The  numerical  quantities  in  the  vectors  on  the  right  hand  side  of  the  equal 
signs  are  measured  values,  and  the  consistency  of  the  approach  is  tested  by 
whether  they  yield  suitable  results. 

4.  2.  4. 2  Solution:  First  Approach 

Because  of  the  uncertainty  with  respect  to  capacitors,  the  last  equation  is 
omitted  in  each  case,  and  the  remaining  three  are  solved,  treating  one  vari¬ 
able  as  a  parameter.  After  solution,  the  condition  that  no  failure  rate  be 
less  than  zero  is  imposed.  The  following  mean  proportionate  failure  rates 


are  obtained: 

bVl  '  »•<>« 

aVl 

=  0.009 

bVj  ' 

=  0.281 

bMv  ' 

=  0.018 

bVs  = 

aK,^X^ 

ASS 

=  0.393 

The  decrease  in  the  failure  rate  factor  from  system  B  to  system  A  is 
nearly  seven  times  in  each  case,  or  stated  differently,  the  attention  paid  to 
improved  reliability  in  system  A  resulted  in  a  decrease  of  failure  rates  by 
a  ratio  of  seven. 

4.  2.  4.  3  Solution:  Full  Treatment  of  Statistical  Weightings  Using  Mean 
Values 

To  determine  relative  weightings  of  failure  factors  for  capacitors  in  the 
two  systems,  applying  the  most  stringent  test  available  to  the  experimental 
data  in  order  to  check  the  consistency  of  this  approach,  all  four  equations 
are  used. 
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Solution  of  the  equations  yields: 

=  [6  -  2.75  n]/n 

bVl  = 

[0  -  0.384  c]  A  (12) 

A^J^J 

=  [-6  +  4.75  n]  /n 

[-0  +  0.674  c]  /e 

=  [-2  6  +  5.75  rj]  /n 

bVv  = 

[-2  0  +  0.804  e]  /e 

ASS 

=  6/r) 

bVs  ' 

9/e 

where  6 

=  5.85  -  5.75  X,  -  4.75  X 

1  a 

(13) 

r\ 

=  2-  2  X,  +X--X 

12a 

6  =  1.028  -  0.804  X,  -  0.684  x^ 

i  d 

€  =  2-  2x,  +  x,-x, 

3  4b 

Since  no  failure  factor  can  have  a  value  less  than  zero,  equations  12 
supply  eight  conditions  on  the  two  ratios  6/rj  auid  0/e.  Expressing  the  Greek 
letter  quantities  in  terms  of  the  x^'s,  these  eight  conditions  are  applied  to 
six  parameters.  Doing  this  in  order,  there  are  obtained 

2.  75  <  6/rj  <  2.  875;  0.  384  <  fi/e  <  0.  402;  (14) 

the  mean  values  are 

6/r]  =  2.81,  0/e  =  0.393.  (15) 

In  terms  of  them,  the  following  values  are  obtained  for  the  individual 
failure  rates,  KX,  in  the  two  systems; 


0. 009 

I 

?? 

1 

II 

0.  060 

ALL 

B  L  L 

aK,X,  = 

0.281 

= 

1. 940 

A  J  J 

B  J  J 

II 

« 

1 

/< 

« 

1 

0.018 

II 

1 

/< 

1 

1 

1 

0.  130 

A  V  V 

BVV 

A*^S^S  * 

0. 393 

B^S^S  = 

2.810 

These  are  nearly  the  same  as  the  values  (equation  11)  but  differ  slightly 
since  the  capacitor  equation  has  been  considered  explicitly. 

For  each  x,  value  ranges  which  are  compatible  with  the  experimental  re¬ 
sults  can  be  shown  easily.  Using  the  explicit  expressions  (13)  for  the 
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quantities  represented  by  Greek  letters  in  equation  14,  there  may  be  obtained 

two  inequalities  for  each  system.  If  these  are  plotted  in  triaxial  coordinates, 

figures  2  and  3  are  obtained.  Here  the  ordinates  are  and  x^  respectively, 

the  abscissas  are  x^  and  x^  respectively,  and  the  successive  oblique  lines  are 

X  and  X,  respectively.  In  each  case,  one  of  the  two  extreme  values  in 
a  b 

equation  14  yields  an  inequality  involving  only  x^  and  x^  (system  A),  or 
and  x^  (system  B).  This  inequality  states  that  a  linear  combination  of  the 
two  variables  have  a  value  greater  than  a  given  amount.  Therefore,  it 
denies  the  region  to  the  left  and  below  the  single  line  of  smaller  slope  in 
each  diagram.  This  region  has  been  shaded.  In  each  case,  the  other  in¬ 
equality  is  an  expression  in  all  three  variables.  For  a  given  value  of  x^ 

(or  x^),  there  is  obtained  a  particular  line,  all  such  lines  being  parallel  to 
each  other.  These  inequalities,  for  a  given  line,  state  that  the  area  to  the 
right  and  above  the  line  contains  no  acceptable  set  of  values  for  the  variables. 
The  only  possible  values  of  the  x's  are  therefore  those  included  in  the  non- 
shaded  region  of  each  graph. 

If  any  particular  value  of  Xj  (or  x^)  is  chosen,  the  values  of  x^  and  x^ 

(x^  and  Xj^)  which  are  possible  are  those  within  the  unshaded  area  to  the  left 

and  below  a  line  representing  that  value  of  x^  (^3)*  Thus  in  figure  2,  if  a 

value,  Xj  =  0.5,  is  chosen,  a  line  parallel  to  the  oblique  lines  is  drawn 

halfway  between  the  lines  x^  =0.4  and  x^  =  0.6.  All  values  of  x^  and  x^ 

contained  in  the  unshaded  area  to  the  left  and  below  this  oblique  line  are  then 

suitable;  if  for  example,  x^  is  then  chosen  as  0.01,  the  permissible  range 

of  X  is  from  0.  038  to  0.  078 . 
a 

The  drastic  limitation  which  the  experimental  data  on  these  systems 
imposes  upon  the  values  of  the  parameters  is  of  direct  benefit  to  experimental 
design  for  accelerated  testing. 

The  ranges  of  x  values  that  are  obtained  all  fall  within  reasonable  limits. 
Within  the  permitted  range  are  the  values  x^  =  x^  =  1,  which  intuitively 
might  be  regarded  as  suitable,  since  there  presumably  is  only  one  volume 
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Figure  2.  Weighting  Factors  for  System  A 


within  each  capacitor;  for  this  case,  the  other  x's  are  so  closely  confined 
that  they  may  both  be  regarded  as  essentially  defined.  However,  since  the 
resemblance  between  capacitors  and  transistors  with  respect  to  possible 
subfactors  of  failure  is  considerably  less  than  is  that  between  diodes  and 
transistors,  other  values  of  and  x^  may  be  more  reasonable,  such  as 
0.5  or  0.0. 

The  weighting  of  only  two  of  the  corresponding  failure  factors  for  the 
capacitors  can  be  the  same  in  the  two  systems.  Examination  of  the  figures 
shows  the  maximum  possible  value  of  x^  is  less  than  the  minimum  possible 
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Figure  3.  Weighting  Factors  for  System  B 

value  of  except  in  the  region  x^^  >  0.60;  however,  then  x^  must  be  less  than 
0,  18.  If  both  triaxial  plots  were  placed  on  the  same  diagram,  that  for  sys¬ 
tem  A  would  fall  well  down  towards  the  origin  in  the  lower  forbidden  region 
of  the  plots  for  system  B.  This  again  reflects  the  decreased  importance  of 
failure  factors  because  of  the  emphasis  upon  design  review  and  component 
choice  in  system  A. 

If  it  be  assumed  that  the  weighting  factors  for  volume  are  equal  to  one  for 
both  systems,  and  those  for  junctions  are  equal  to  zero  for  both  systems, 
then  the  surface  dependent  weighting  factors  have  the  values  0. 0364  <  x^ 

<  0.038,  0.557  <  x^  <  0.58Z,  so  that  the  weighting  of  the  surface  dependent 
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factor  in  system  B  is  about  16  times  that  in  system  A.  For  =  0.  5  or 

0.  0  this  ratio  is  reduced  to  about  10,  or  6,  respectively. 

Since  each  value  on  the  right  side  of  equations  9  and  10  is  itself  a  meaui 
and  is  surrounded  by  a  distribution  of  values,  the  values  of  the  failure 
factors  themselves  are  me2uis  within  a  distribution  based  upon  the  original 
uncertainty  of  the  experiment.  Additional  measurements  would  further 
sharpen  the  values. 

4.2.5  Summary  and  Discussion 

The  treatment  has  yielded  consistent  mean  values  for  the  failure  factors, 
and  has  exhibited  a  decrease  by  a  factor  of  seven  in  the  failure  rates 
occasioned  by  the  greater  attention  to  reliability  in  system  A;  although  it 
does  not  eliminate  the  possibility  that  at  least  one  of  the  failure  factors  does 
not  operate  in  capacitors,  it  does  leave  open  the  likelihood  that  capacitor 
failure  factors  are  distributed  over  surfaces,  junctions,  and  bulk  material. 

In  the  systems  measured,  it  leads  to  no  absurdities,  and  the  values  of  failure 
factors  and  weightings  are  reasonable  and  acceptable.  Whether  these 
attributes  of  this  approach  will  be  retained  in  application  to  other  systems 
or  other  environments  remaiins  to  be  seen.  If  so,  there  may  be  some  advan¬ 
tage  from  the  ability  to  define  unambiguous  categories  (failure  factors  corre¬ 
lated  directly  with  the  structure  of  the  component)  in  which  to  introduce  the 
experimental  results  from  the  system  of  failure  mechanisms. 


4.  3  SURFACE  STUDIES:  ELECTRONIC  MATERIAL  AND  PROCESSING 
CHARACTERIZATION  BY  THE  ELECTRICAL-FRICTIONAL  PROBE 

4.  3.  1  Apparatus  and  Early  Results 

The  construction  of  the  electrical-frictional  probe  apparatus  is  discussed 
in  the  three  quarterly  reports.  The  sensitivity  of  the  electrical  charge  trans¬ 
fer  trace  to  surface  properties,  and  the  uniformity  of  its  response  is  de¬ 
scribed  in  Quarterly  Report  3.  In  particular,  major  changes  in  response, 
from  negative  to  positive,  are  observed  when  the  probe  passes  from  n-type 
material  to  p-type  material,  and  vice  versa.  In  its  passage  over  material  of 
any  one  chemical  composition,  slight  changes  in  the  trace  indicate  chemical 
impurities  and  defects  on  the  surface.  Indications  are  most  satisfactory  on 
the  semiconductor  material  itself,  rather  than  the  oxide. 

In  Quarterly  Report  3,  an  experiment  is  described  in  which  a  bull's-eye 
wafer,  figure  4a,  was  repeatedly  traversed  after  several  oxidizing  and  oxide- 
removal  processes.  The  result  showed  that  an  oxide  removal  by  HF  left  an 
active  surface  which  deactivated  on  exposure  to  air;  a  second  oxide  removal 
by  HF  reactivated  the  surface,  and,  after  this,  only  the  n-type  regions  would 
be  deactivated  with  atmospheric  exposure.  After  a  third  HF  etch,  no  further 
deactivation  was  observed.  It  is  therefore  not  necessarily  sound  to  assume 
that  in  processing  a  wafer  the  oxide  removal  by  HF  yields  a  surface  which 
remains  free  of  oxide.  Unless  several  redox  cycles  are  incorporated  into 
the  processing,  any  oxide-free  surface  produced  may  show  inherent  vari¬ 
ability  in  electrical  properties  unless  used  in  fabrication  immediately. 

A  number  of  traces  showing  various  experimental  results  are  given  in 

Quarterly  Report  3.  Two  of  these  have  been  combined  into  one  picture,  which 

shows  the  sensitivity  and  uniformity  of  the  method.  (See  figure  4b.  ) 

4.  3.  2  Surface  and  Volume  Properties  Measured  by  the  Electrical-Frictional 
Probe 

With  zero  voltage,  the  probe  is  most  sensitive  in  measuring  the  slight 
changes  in  chemical  composition  or  defects  in  the  surface.  With  applied 
voltage,  and  depending  upon  the  location  of  the  return  electrode,  deeper  and 
deeper  regions  in  the  volume  of  the  material  can  be  measured.  The  reason 
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for  this  is  that  conduction  paths  must  traverse  the  volume  of  the  material. 
The  height  of  the  trace  as  the  probe  travels  over  the  material  indicates  the 
ease  or  difficulty  of  charge  carriers  pursuing  their  changing  conduction 
paths  through  the  material.  This  has  been  utilized  as  an  indicator  of  con¬ 
ditions  below  the  surface. 

Also,  the  photovoltaic  effect  used  as  described  in  paragraphs  4.  5  to  4.  8, 
below,  enables  some  examination  of  stresses  or  other  effects  within  the 
volume  of  the  material,  not  too  far  from  the  surface.  However,  additional 
methods  of  examining  the  interior  of  the  material  are  desirable.  To  do  this, 
the  light  transmitting  properties  of  the  semiconductor  material  have  been 
utilized. 

4.  3.  2.  1  Depth  of  Penetration 

Elementary  considerations  of  transmittance,  absorption,  and  relative 
energy  response  or  carrier  density  increase  in  the  photovoltaic  effect,  as  a 
function  of  light  frequency,  show  that  the  responses  which  arise  from  a  given 
depth  in  the  material,  change  significantly  as  the  frequency  approaches  an 
absorption  peak  or  a  cutoff  point.  Experiments  with  filters  and  a  Brush 
recorder  confirm  this  expectation  and  show  that  if  due  allowance  is  made  for 
the  nature  of  the  contacts  to  the  sample,  increasing  the  wavelength  of  light 
in  the  range  from  0.42  to  1.0  micron  gives  an  increase  in  the  apparent  mean 
penetration  of  the  measured  results  below  the  surface. 

4.3.3  Surface  Investigation  With  Voltage  Applied  on  Probe 

Using  a  quarter  of  a  bull's-eye  diffused  p-on-n  wafer  and  the  path  of  the 
probe  and  circuit  arrangement  as  shown  in  figure  5,  a  traverse  was  made 
over  successive  n-and  p-regions  with  external  voltage  in  the  circuit.  The 
battery  had  a  negligible  internal  resistance  of  21  ohms.  Generally,  the 
current  was  uniform  in  each  of  the  n-regions,  but  fluctuated  in  the  diffused 
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Figure  4a.  Bull's-Eye  Wafer  Cut  in  Half 


Figure  4b.  Typical  Response  to  Changes  of  Material  Composition 
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Figure  5.  .Circuit  Arrangement  Used  in  Surface  Investigation 


regions.  In  the  last  p-region,  the  current  increased  nearly  logarithmically 
from  4.3  ma  upon  entry  to  6.4  ma  at  the  point  of  the  quadrant,  reflecting  the 
concentration  of  current  lines. 


Repeating  test  with  probe  positive  then  negative,  with  and  without  illumin¬ 
ation,  results  obtained  are  in  Table  2.  See  also  paragraph  4. 3. 4.  2. 

4.3.4  Use  of  the  Electrical-Frictional  Probe  Electrical  Trace  in  Examinin 


Fabrication  Techniques.  Effects  of  Water  Spot 
Since  the  traces  shown  above  and  in  Quarterly  Report  3  show  reproduci¬ 
bility  and  considerable  sensitivity,  the  use  of  the  trace  was  studied  as  sui  aid 
to  the  examination  of  factors  during  fabrication  which  might  be  conducive  to 
failure. 
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4.  3.4.  1  Preparation  of  Wafer  and  Water -Spot  Flaw 

An  n-on-p  bull's-eye  wafer  was  purposely  diffused  with  a  flaw.  The  sur¬ 
face  was  oxidized  using  the  bull's-eye  mask  for  defining  the  limits  of  the 
oxide.  A  drop  of  deionized  water  was  then  sprinkled  on  the  oxide,  and  the 
wafer  immediately  placed  in  the  diffusion  furnace.  Presumably  the  water 
evaporated  almost  instantly.  Diffusion  completed,  the  wafer  was  examined 
with  the  oxide  still  on  it.  A  multicolored  spot  was  visible  on  the  outer  ring 
(oxide  +  diffusant).  The  wafer  was  then  scribed  and  the  oxide  removed  from 
one  of  the  two  half-wafers.  No  sign  of  a  spot  or  defect  was  visible  after 
oxide  removal. 

4.  3.4.2  Trace  Shows  Effect  of  Flaw  in  Detail 

Traces  were  made  across  the  wafer  and  irregularities  of  large  magnitudes 
were  observed  when  the  probe  came  to  this  region  (figure  6a).  After  angle - 
lapping  the  wafer  at  2  degrees  and  staining,  it  appeared  as  in  figure  6b.  The 
correlation  between  the  regions  picked  out  by  the  stain,  and  those  indicated 
by  the  trace  is  shown  in  the  figure;  it  is  exact  if  allowance  is  made  for  the 
time  necessary  to  change  the  film  and  take  the  next  picture  at  one  point. 

The  wafer  was  exposed  to  the  atmosphere  for  14  days,  cleaned  in  TCE  and 
a  5-minute  HF  bath,  5-minute  HNO^,  and  another  5-minute  HF  bath. 

Another  defective  region  was  tested  with  the  probe;  when  stained,  it  appeared 
as  in  figure  7.  The  trace  from  this  region  is  shown  in  figure  8. 

To  compare  the  results  from  zero  applied  voltage  using  light  as  an  acti¬ 
vator,  and  applied  voltage  on  the  probe,  traces  were  made  under  each  con¬ 
dition  (figure  8).  The  upper  two  show  the  repeatibility  of  the  trace.  The 
lower  one  is  with  applied  voltage.  The  correlation  between  the  runs  is  evi¬ 
dent.  Also  evident  is  the  fact  that  the  applied  voltage  trace  shows  less  de¬ 
tail,  tending  to  show  maxima  and  minima  with  little  detail.  This  is  because 
the  effect  was  primarily  in  the  surface  region. 

4.  3.  5  The  Possibility  of  Precise  Depth  Measurement 

It  has  been  shown  repeatedly  that  minute  changes  in  surface  chemistry 
are  shown  by  the  apparatus.  To  investigate  the  sensitivity  to  depth  of 
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Figure  6.  Wafer  With  Water  Drop  Flaw  and  Slip-Stick  Response 

Across  It 


Figure  7.  Magnified  View  of  Stained  Surface  Flaw 
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HORIZONTAL  S  SEC/CM 


384AI-PF-  7 


Figure  8a.  Successive  Traces  From  Defective  Region  of  Figure  6. 
Upper  Traces  in  Each  Picture  Are  Mechanical  Drag;  Lower 
Traces  Are  Electrical;  No  Applied  Voltage 


Figure  8b.  Trace  Over  Same  Region  as  in  Figure  7a,  With  Voltage 
Applied  to  Probe.  Note  Smaller  Amount  of  Detail  on 
Electrical  Trace 


diffusion  as  well  as  to  amount  of  doping,  wafers  were  diffused  in  the  tem¬ 
perature  gradiant  region  of  the  diffusion  furnace,  figure  9.  Five  60  ohm-cm 
p-type  wafers  were  lapped,  chemically  polished,  oxide  masked,  and  given  a 
5-minute  predeposition  and  a  40-minute  deposition,  after  which  the  oxide  was 
removed. 


50  cm. 


Figure  9.  Schematic  Diagram  of  Samples  in  Temperature 
Gradient  Region  of  Furnace 


Evidence  was  obtained  for  uneven  deposition,  but  angle  lapping  and 
staining  showed  that  the  temperature  gradient  was  insufficient  to  produce 
major  differences  in  diffusion  depth  across  an  individual  wafer. 


Figure  10.  Similarity  Between  Repetitive  Traces 

4.3.6  The  Electrical-Frictional  Probe  is  a  Nondestructive  Test  for  Defects 
From  traces  published  in  Quarterly  Report  3,  and  from  other  data,  it  has 
become  evident  that  the  electrical  response  obtained  in  a  second  trace  over 
the  same  area  is  not  noticeably  different  from  that  obtained  in  the  first  trace. 
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Note  figure  8  and  figure  10.  Nearly  the  same  effect  is  noted  upon  a  third 
trace.  Even  these  slight  differences  can  be  removed  by  a  short  etch  which 
does  not  affect  the  characteristics  of  the  wafer.  Accordingly,  the  trace  can 
be  used  as  a  method  of  examining  the  product  of  a  step  in  the  fabrication 
process  and  determining  the  efficiency  of  that  step;  the  wafer  tested  can  then 
be  used  for  device  manufacture  if  suitable . 

The  test  therefore  is  a  nondestructive  test  which  can  be  correlated  with 
performance  and  enable  the  rejection  of  samples  of  unsuitable  characteristics 
or  unsuitable  preparation  before  further  work  is  done  on  them.  Thus  it 
should  be  of  value  in  decreasing  the  number  of  failures  of  completed  devices. 
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4.  4  SURFACE  STUDIES:  SUPPLEMENTATION  OF  ELECTRICAL  FRIC¬ 
TIONAL  PROBE  INFORMATION  BY  STICK-SLIP  MEASUREMENTS 

4.  4.  1  The  Stick- Slip  Relaxation  Cycle 

The  stick- slip  phenomenon  observed  by  Bowden  and  Ridler  in  1936  has 
received  much  experimental  and  theoretical  investigation.  Morgan,  Muskat, 
et  al.  early  indicated  the  necessity  for  considering  the  dynamics  of  the 
motion  of  the  surface  element  as  well  as  that  of  the  slider,  and  showed  the 
need  for  considering  the  duration  of  stick.  Perhaps  the  most  thorough  anal¬ 
ysis  of  stick- slip  is  that  of  B.  V.  Derjaguin  et  al.  who  include  explicit  con¬ 
sideration  of  the  duration  of  stick  and  of  slip. 

If  the  stick- slip  traces  are  to  be  utilized  for  further  information  about  the 
surface  than  can  be  obtained  from  the  electrical  transients  during  sliding, 
the  physical  motion  of  surface  elements  and  their  force  constants  and  periods 
must  be  taken  into  account  in  the  analysis. 

Since  a  stick- slip  cycle  consists  of  a  period  of  adhesion  or  temporary 
"weld"  between  slider  and  surface,  followed  by  a  release  when  the  restoring 
force  equals  adhesion  component  and  slip  until  stick  again  takes  place,  it 
follows  that  the  primary  information  obtainable  from  a  stick-slip  cycle  is 
the  force  interaction  between  probe  and  surface.  The  load  transducer  can 
also  reflect  irregularities  in  surface  elevation.  With  a  smooth  surface,  it 
has  been  shown  experimentally  that  during  the  slip  portion  of  the  stick- slip, 
the  instantaneous  drag  decreases  to  a  very  small  fraction  of  its  instantaneous 
value  during  stick,  whereas  little  or  no  change  is  observed  in  the  load;  i.e. , 
the  instantaneous  value  of  the  coefficient  of  friction  varies  considerably,  and 
the  value  observed  in  the  usual  experiment  (if  stick-slip  is  taking  place)  is  an 
average  value.  The  adhesion  in  the  stick- slip  cycle  is  usually  regarded  as 
time  dependent,  and  stick  takes  place  when  adhesion  has  built  up  to  where  it 
exceeds  restoring  force.  Stick  continues  as  long  as  the  adhesion  component 
continues  to  build  up  fast  enough  so  that  its  value  equals  or  exceeds  the  re¬ 
storing  force,  which  is  simultaneously  increasing  because  of  the  distortion 


that  accompanies  the  gross  relative  motion  of  the  surface  with  respect  to  the 
zero  position  of  the  slider.  If  breakfree  occurs  when  the  adhesion  component 
is  less  than  the  surface  shear  strength,  negligible  wear  accompamies  it;  if 
adhesion  becomes  equal  to  or  tends  to  become  greater  than  the  shear  strength 
of  the  surface  of  either  the  moving  plate  or  the  slider,  breakfree  is  accom¬ 
panied  by  the  destruction  of  a  portion  of  one  of  the  surfaces,  and  gross  wear 
is  observed. 

Experimentally,  wear  has  turned  out  to  be  a  relatively  random  variable. 
However,  it  is  possible  to  set  up  experimentally  a  repetitive  stick-slip  re¬ 
laxation  cycle  and  use  transducers  to  measure  various  physical  constants  of 
the  cycle.  From  the  duration  of  the  stick  phase,  and  of  the  slip  phase,  and 
from  measurable  mechanical  constants,  the  adhesion  between  surface  and 
slider  can  be  determined.  Adhesion  is  a  chemical  and  electrical  property 
of  the  two  surfaces  in  contact;  because  of  the  catastrophic  nature  of  break- 
free,  the  exact  moment  of  individual  breakfree  and  the  corresponding  adhesion 
are  difficult  to  measure  unless  a  repetitive  relaxation  cycle  is  established. 

If  such  a  cycle  is  established,  the  adhesion  at  breakfree  can  be  unambiguously 
computed  from  the  equations  of  the  cycle  and  various  physical  measurements 
which  can  be  made  with  relative  ease  and  accuracy. 

4.  4.  2  IBM  7090  Computer  Analysis  of  the  Stick-Slip  Relaxation  Cycle  - 
Initial  Results 

An  analysis  of  the  stick- slip  relaxation  cycle,  taking  into  account  the 
dynamic  properties  of  the  slider  and  of  the  surface  has  been  conducted.  Un¬ 
der  the  present  program,  a  considerable  extension  of  this  treatment  has  fur¬ 
nished  the  complete  solution,  and  has  been  placed  on  the  IBM  7090  computer. 
The  results  establish  various  correlations  between  the  physical  constants  of 
the  surface  and  of  the  slider,  the  observable  variables  of  position  and  veloc¬ 
ity  of  slider  and  of  surface  element  at  stick  and  at  slip,  and  the  duration  of 
stick  and  of  slip  in  the  case  when  a  repeating  rel2ucation  cycle  has  been  es¬ 
tablished.  Five  major  parameters  are  involved,  of  which  probably  the  most 
important  ones  for  a  given  system  are  the  duration  of  stick  and  the  duration 
of  slip. 
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Several  examples  of  the  type  of  relation  to  be  observed  between  the  dura¬ 
tion  of  stick,  under  conditions  when  stick-slip  occurs,  and  the  normalized 
force  at  breakfree  were  given  in  the  Quarterly  Report  3.  One  is  shown  in 
figure  11.  Figure  12  shows  the  way  in  which  the  force  at  breakfree  and  the 
restoring  force  develop.  The  manner  in  which  the  buildup  occurs,  and  the 
physical  description  of  the  resulting  behavior  was  described  nonmathematic- 
ally  in  detail  in  Quarterly  Report  3;  the  manner  of  making  measurements  to 
obtain  the  force  information  in  cases  when  no  stick- slip  cycle  is  observed 
was  also  described  in  Quarterly  Report  3.  The  subsequent  period  has  yielded 
the  complete  solution. 

In  the  analysis  of  the  complete  solution  under  this  contract,  the  results  of 
15  hours  computer  time  on  the  IBM  1401,  and  3  hours  computer  time  on  the 
IBM  7090  have  been  incorporated  to  date.  Of  the  parameters  of  the  final 
equations,  the  values  shown  in  table  3  have  been  computed  for  all  values  of 
the  reduced  variable  representing  duration  of  stick  by  steps  of  0.01,  0.05, 
or  0.  10,  as  necessary,  in  the  range  from  0  to  40.  In  view  of  future  applica¬ 
tions,  both  the  results  to  be  expected  from  the  natural  behavior  of  materials 
and  the  results  from  responses  in  which  the  restoring  force  has  been  artifici¬ 
ally  enhanced  have  been  computed. 

Radically  different  behavior  is  predicted  for  a  metal  slider  against  a  plas¬ 
tic  surface,  as  compared  to  a  metal  against  metal  or  soft  material  against  a 
metal  surface.  Forbidden  regions  of  parameter  combinations  and  type  of 
response  (e.  g.  ,  figure  13)  to  be  anticipated  indicate  that  for  the  study  of 
semiconductor  surfaces,  a  relatively  heavy  and  stiff  stylus  will  yield  the 
maximvim  amount  of  information. 
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Figure  11.  0  the  Normalized  Force  at  Breakfree  vs  the  Duration 

of  the  Stick-Slip  Cycle  Where  X  Is  Greater  Than  1 


For  any  given  combination  of  material  design  parameters  and  relative 
speed  of  slider  and  moving  surface,  the  adhesion  force  between  the  two,  and 
therefore  the  horizontal  component  of  the  force,  increases  with  time  with  a 
characteristic  time -dependence  curve  which  is  a  function  of  the  nature  of 
the  materials  in  contact.  The  restoring  force  also  increases,  nearly  linearly 
at  first,  but  eventually  very  sharply.  If  the  moment  at  which  the  restoring 
force  equals  the  adhesional  force  corresponds  to  a  point  on  the  characteristic 
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Figure  12a.  Composite  of  ^  vs  fl  Pairs  That  Yield  a 
Stick-Slip  Relaxation  Cycle 


Figure  12b.  Stick  Observed  as  a  Restoring  Force 
Builds  Up  Nonlinear ly 


Figure  13.  Existence  Regions  and  Forbidden 
Regions  of  Stick-Slip  Solution 
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TABLE  3  (Continued)  =  Range  of  9 
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TABLE  3  (Continued)  0t>  =  Range  of  6 
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curves  in  the  existence  region  of  the  solutions  of  the  equations,  a  stick- slip 
cycle  is  set  up.  If  this  is  not  the  case,  noncyclic  breakfree  occurs.  The 
nature  of  the  existence  regions  of  the  solution  is  therefore  of  importance  to 
the  experimental  characterization  of  the  motions  to  be  observed  experiment¬ 
ally. 

4.  4.  3  Use  of  the  Stick-Slip  Cycle  Measurements  to  Supplement  the  Surface 
Information  Yielded  by  the  Electrical  Frictional  Probe 

The  correlations  between  the  physical  constants  of  the  surface  and  the 
observables  in  the  stick-slip  behavior  of  the  probe  progressing  over  the  sur¬ 
face  enable  the  utilization  of  these  observables  to  determine  the  rate  of 
growth  of  adhesion  between  the  slider  and  the  surface.  This  permits  the  cal¬ 
culation  of  the  coefficient  of  friction,  as  well  as  information  on  transient  be¬ 
havior.  Quarterly  Report  3  indicated  the  way  in  which  the  information  can  be 
used  and  the  information  obtainable  from  the  frictional  drag  of  the  probe  when 
no  stick- slip  cycle  has  been  set  up. 

Since  the  establishment  of  the  adhesion  between  the  slider  and  the  surface 
depends  upon  the  chemical  nature  and  the  surface  geometry  of  the  two  sur¬ 
faces  in  contact,  additional  information  can  be  obtained  and  correlated  against 
the  processing  of  the  particular  semiconductor  sample.  More  pertinent,  it 
yields  additional  information  which  can  be  used  in  analyzing  the  overall  nature 
of  the  material  and  its  defects  in  a  search  for  additional  mechanisms  likely 
to  cause  failure  of  electronic  components. 

4.  5  SURFACE  STUDIES:  THE  NONUNIFORMITY  AND  AGING  OF  A  SEMI¬ 
CONDUCTOR  SURFACE,  STUDIED  BY  PHOTOVOLTAIC  RESPONSE 

4.  5.  1  Apparatus 

The  repetitive  contacting  apparatus,  figure  14,  described  in  Quarterly 
Reports  2  and  3,  was  used.  The  construction  design  permitted  the  contact 
at  any  desired  point  on  the  surface  of  the  wafer  to  be  examined  and  the  pres¬ 
sure  with  which  the  probe  touched  the  surface  to  be  controlled.  A  copper 
probe,  cleaned  and  polished,  was  used.  The  probe  was  well  insulated  from 
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Figure  14.  Repetitive  Contacting  Apparatus 


ground  and,  connected  to  the  input  of  a  high  gain  oscilloscope.  Visible  light 
was  directed  at  the  point  of  contact  of  the  probe  and  the  sample,  and  chopped 
by  a  rotating  baffle.  The  rise  and  fall  times  for  intensity  were  of  the  order  of 
a  fraction  to  1  millisecond,  amply  fast  for  the  phenomena  to  be  observed. 

Several  n-  and  p-type  germanium  and  silicon  samples  were  examined.  At 
one  point  on  the  sample  disc,  an  ohmic  connection  was  made  to  groimd. 
Therefore,  instead  of  making  connections  to  both  ends  of  a  sample  and  tra¬ 
versing  a  light  spot  over  the  free  surface  of  the  material,  the  probe  was  put 
into  physical  contact  with  each  individual  region  to  be  examined.  The  same 
pressure  was  used  for  all  contacts,  and  response  was  found  to  be  the  same 
for  repeated  contacts  at  the  same  spot,  or  upon  returning  to  the  area  after 
having  measured  some  other  spot. 

4.5.2  Variation  of  Photovoltaic  Response  With  Radius  on  Wafer 

A  freshly  prepared  disc  of  1.  2-ohm-cm  p-doped  silicon  showed  a  depend¬ 
ence  of  the  transient  electrical  response  upon  radial  distance  from  the  center, 
irrespective  of  angular  position.  In  one  case,  the  height  of  the  initial  voltage 
peak  varied,  increasing  as  the  edge  was  approached.  In  another  case,  the 
characteristic  time  of  the  decay  from  the  initial  peak  decreased  as  the  edge 
was  approached. 

Since  the  photovoltaic  response  is  related  to  the  chemical  and  electrical 
properties  of  the  material,  such  a  difference  in  photo-EMF  with  radius,  ir¬ 
respective  of  azimuth,  indicates  that  the  fundamental  electrical  constants  of 
the  material  differ  somewhat  as  the  circumference  of  the  wafer  is  approached. 
If  a  number  of  transistors  or  microelectronic  devices  are  fabricated  on  the 
same  wafer,  either  the  performance  parameters  of  different  devices  will 
differ  slightly  depending  upon  whether  their  location  on  the  wafer  is  in  the 
center  or  at  the  edge,  or  slight  changes  should  be  incorporated  into  the  de¬ 
sign,  as  the  location  of  the  device  on  the  wafer  moves  out  toward  the  edge. 
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4.5.3  Response  to  Chopped  Light  -  Fresh  Surface 

Similar  results  were  obtained  on  various  materials.  A  40-ohm-cm  p- 
doped  germanium  wafer,  with  ohmic  ground  connection,  will  be  described  as 
an  example.  The  wafer  was  mechanically  polished,  and  etched  with  CP-4. 
Contact  with  different  points  on  the  surface  yielded  essentially  the  same  re¬ 
sponse  everywhere  (left-hand  column  of  figure  15),  a  sharp  leading  edge  to  a 
50-mv  peak  followed  by  a  small  transient  decrease  to  a  steady  state  con¬ 
dition.  Slight  differences  in  the  amplitude  of  the  steady  state  value  at  dif¬ 
ferent  points  on  the  surface  were  noted,  but  the  waveform  was  the  same. 
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Figure  15.  Response  of  Contact  With  Different 
Points  on  Surface 
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4.5.4  Response  to  Chopped  Light  -  Aged  Surface 

After  24  hours  in  air,  five  different  types  of  transient  shapes  were  ob¬ 
served,  three  of  which  are  shown  in  figure  15.  Each  type  of  transient  shape 
was  characteristic  of  a  particular  point  on  the  surface,  and  could  be  obtained 
repeatedly  upon  returning  to  that  point  of  contact.  Responses  of  the  first 
type;  i.e.,  like  those  obtained  just  after  etching,  but  of  smaller  magnitude, 
were  by  far  the  most  frequent,  constituting  approximately  80  percent  of  the 
total.  The  others  evidently  were  characteristic  of  a  different  state  of  the 
surface  at  the  point.  Whereas  the  initial  response,  as  well  as  the  usual  re¬ 
sponse  after  24  hours,  was  positive,  at  several  points  the  response  after  24 
hours  was  negative,  and  at  others,  it  commenced  positive  and  progressed  to 
negative  in  a  manner  somewhat  reminiscent  of  the  shape  of  the  curve  in 
electret  behavior.  Surface  changes  were  evidently  not  uniform  across  the 
sample. 

After  an  additional  24-hour  delay,  the  main  type  of  response  again  de¬ 
creased  in  amplitude,  and  again  showed  variations,  being  of  five  types,  three 
of  which  are  shown  in  figure  15.  The  percentage  of  responses  which  were  of 
the  same  type  as  those  originally  observed  had  decreased  somewhat,  so  that 
more  regions  of  the  sample  were  showing  departures  from  original  composi¬ 
tion  or  state. 

It  may  be  concluded  that  the  aging  of  a  semiconducting  disc  surface  does 
not  take  place  uniformly.  Instead,  it  commences  independently  at  a  number 
of  separate  points  on  the  surface,  and,  to  some  extent  at  least,  progresses 
outward  from  them.  It  is  possible  that  a  number  of  different  reactions  are 
taking  place,  depending  upon  the  activity  of  different  regions  of  the  surface, 
distributions  of  defects,  and  the  number  of  components  present  in  the  ambient 
atmosphere. 

Each  particular  type  of  response  has  its  own  characteristic.  For  example, 
the  right  center  trace  in  figure  15  is  a  negative  rapid  transient  when  the  light 
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is  cut  on,  followed  by  a  slow  rise  in  the  negative  direction.  When  the  light 
is  cut  off,  a  positive  transient  is  followed  by  a  very  slow  decay  time  back  to 
ground.  The  experimenter  can  easily  distinguish  the  type  from  other  types. 
Whether  each  type  corresponds  to  only  one  chemical  or  energy  state  has  not 
yet  been  determined,  but  it  is  reasonable  to  believe  that  each  chemical  or 
energy  state  is  characterized  by  only  one  type  of  response. 

The  aging  continues  at  a  slow  rate  at  all  points  presumably  until  no  further 
photoresponse  is  observed. 

Aging  in  air  has  two  effects;  the  first  is  a  decrease  in  amplitude  of  the 
original  response;  the  second,  progressive  alterations  of  the  surface  so  that 
portions  of  it  show  other  types  of  response. 


4.  6  SURFACE  STUDIES:  USE  OF  THE  PHOTOVOLTAIC  EFFECT  FOR 
STUDY  OF  CHEMICAL  PROCESSES  ON  PRECISE  LOCATIONS  OF 
SEMICONDUCTOR  SURFACES 

4.6.1  Decrease  of  Initial  Photovoltaic  Response  as  a  Function  of  Aging 

The  magnitude  of  the  initial  rise  of  the  most  common  type  of  photovoltaic 
response  described  just  above  decayed  with  the  length  of  time  the  wafer  was 
in  air  after  a  CP-4  etch,  as  indicated  in  figure  16.  For  40-ohm-cm  In-doped 
p-type  germanium,  therefore,  the  decay  curve  is  represented  by 


V  ,_  =  V/  fl  +  (bt)*']  ,  where  V  =50  mv,  b  =  1 . 30  sec  \  n  =  1 .  01 . 

photo -EMF  o  L  J  o 

Assuming  that  n  really  is  equal  to  1,  the  difference  being  the  result  of  exper¬ 
imental  error: 


(17) 


where 

a  =  26  (volt  sec) 

This  is  the  equation  of  a  second  order  chemical  reaction,  and  if  it  is  assumed 
that  the  photovoltage  is  proportional  either  to  the  concentration  x  of  a  sub¬ 
stance  or  to  the  difference  in  concentration  (C^  -  x)  between  a  given  concen¬ 
tration  and  that  observed  as  time  passes,  either  of  two  usual  chemical 
kinetics  expressions  for  the  change  of  the  concentration  with  time  is  obtained. 
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LN  PHOTO -EMF  (MV) 


Figure  16.  Photo-EMF  Response  Decay  Rate 
for  Extrinsic  Germanium 


4.  6.2  Effect  of  Chemical  Treatments  -  Initial  Results 


If,  at  about  24  hours  the  surface  is  again  cleaned  by  etching  with  CP-4, 
the  original  photoresponse  is  again  obtained.  If  it  is  etched  after  24  hours 
with  HF  instead  of  CP-4,  the  photovoltaic  response  remains  unchanged.  This 
implies  that  the  chemical  change  responsible  for  the  decrease  of  the  voltage 
maximum  is  not  a  surface  oxidation  by  ambient  oxygen.  From  thermo¬ 
dynamic  values  of  free  energy,  it  would  seem  possible  that  the  effective  fac¬ 
tor  in  restoring  the  original  voltage  is  the  free  bromine  which  could  enter 
into  a  weak  combination  with  the  freshly  exposed  surface  germanium  or 
indium  and  gradually  decompose  in  an  atmospheric  ambient.  Some  doubt  is 
cast  on  this  by  the  experiments  described  in  the  next  paragraph,  however. 

Grinding  the  surface  with  alumina  in  deionized  water  at  the  24-hour  period 
nearly  restores  the  original  response.  It  appeared  possible  therefore  that  the 
governing  factor  was  the  ability  to  restore  a  fresh  nascent  Si  surface  of  in¬ 
terior  composition,  or  of  interior  composition  with  an  oxide  layer  of  thickness 
of  the  order  of  a  few  Angstroms. 

Because  these  experiments  indicated  information  was  implicit  in  photo¬ 
voltaic  studies  of  chemical  processes,  a  more  complete  investigation  was 
undertaken  of  the  types  of  processes  which  might  be  taking  place  upon  semi¬ 
conducting  wafers  during  various  processes  commonly  used  in  solid  state 
device  technology.  These  are  described  in  succeeding  paragraphs. 
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4.  7  CHEMICAL  STUDY  OF  ETCHING  PROCESSES  BY  USE  OF  THE 
PHOTOVOLTAIC  RESPONSE 

As  in  the  use  of  electrical  effects  to  study  chemical  or  mechanical  proper¬ 
ties  or  behavior  of  materials,  it  must  be  remembered  that  the  electrical 
response  is  affected  by  chemical,  thermal,  mechanical,  electrical,  and 
other  parameters.  Sufficient  control  of  the  various  parameters  must  be 
maintained  to  assure  that  the  conclusions  are  justified.  In  general,  it  has 
been  extremely  difficult  if  not  impossible  to  control,  in  a  single  experimental 
study,  all  of  the  many  variables  associated  with  surface  electrical  measure¬ 
ments  on  semiconductors.  When  undertaking  such  work,  therefore,  a  choice 
must  be  made  with  respect  to  which  parameters  must  be  closely  controlled 
and  which  may  be  left  uncontrolled  because  of  their  relatively  minimal  effects 
on  the  outcome  of  the  experiment. 

In  the  present  work,  it  was  judged  advisable  to  employ  close  control  over 
experimental  apparatus  parameters  and  semiconductor  sample  conditions, 
with  maintenance  of  relatively  dust-  and  static -charge -free  ambient  conditions 
being  the  only  controls  over  the  normally  random  environmental  variables. 

This  most  closely  approximates  conventional  semiconductor  device  fabrication 
conditions,  and  should  be  of  maximum  value  in  detecting  failure  mechanisms 
and  increasing  reliability  of  the  end  product  component. 

With  these  procedural  objectives  as  a  goal,  the  experimental  work  was 
performed  as  described  in  the  following  paragraphs. 

4.7.  1  Initial  Sample  Preparation 

To  maintain  parameter  control  with  respect  to  germanium  samples  chosen 
for  the  experimental  work,  a  single  40-ohm-cm  In-doped  germanium  wafer  was 
scribed  and  broken  as  illustrated  in  figure  17.  Because  of  their  uniformity 
of  size  and  similarity  with  respect  to  position  on  the  original  wafer,  the 
eight  center  sections,  numbered  7  through  14,  were  chosen  as  the  main 
samples  for  study.  The  six  edge  sections  were  retained  for  future  work. 

By  using  the  center  sections,  any  differences  in  dislocation  densities  and 
impurity  concentrations  between  the  center  and  edge  of  the  original  boule 
were  avoided. 
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Preparation  for  the  eight  main  samples  proceeded  according  to  the 
following  stepwise  scheme: 

a.  All  samples  were  degreased  with  boiling  trichloroethylene  in  three 
successive  wash  operations  and  then  dried  in  trichloroethylene  vapor. 

b.  To  form  ohmic  junctions,  a  5 -mil -diameter  silver  lead  was  attached 
to  each  piece  with  tin-lead  coreless  solder,  using  a  saturated  water  solution 
of  zinc  chloride  as  a  flux.  (To  minimize  sputtering  and  surface  contamination, 
a  minimum  amount  of  this  flux  was  used.)  The  position  of  lead  attachment 

to  each  piece  is  indicated  by  the  small  circles  in  figure  17. 
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c.  Immediately  following  lead  attachment,  all  samples  were  thoroughly 
washed  with  clean  deionized  water  to  remove  all  traces  of  the  acid  zinc  chlo¬ 
ride  soldering  flux. 

d.  Each  sample  was  then  individually  potted  in  an  insulating  polymer, 
utilizing  small  sections  of  aluminum  microwave  guide  as  potting  molds  (see 
figure  18).  The  polymer  used  for  potting  was  an  American  Cyanamid  Co. 


Figure  18.  Sketch  Showing  Potting  of  Samples 


(Laminae)  polyester  prepolymer  dissolved  in  free  styrene  monomer.  This 
solution  was  free  radical  catalyzed  by  the  addition  of  1 . 5  percent  by  weight 
of  a  60 -percent  solution  of  methyl  ethyl  ketone  peroxide  in  dimethyl  phthalate. 
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Prior  to  potting,  the  entire  mold  interior  and  the  glass  plate  top  surface 
were  coated  with  a  mold  release,  consisting  of  a  thin  layer  of  Dow  Corning 
high  vacuum  silicone  grease.  The  potting  compound  was  then  added  to  the 
molds  as  a  low  viscosity  liquid  and  was  permitted  an  overnight  cure  before 
subsequent  operations. 

e.  The  potted  samples  were  then  removed  from  the  molds  and  thor¬ 
oughly  degreased  with  hot  trichloroethylene.  (The  finished  sample  is  illus¬ 
trated  in  figure  19. ) 

f.  The  samples  were  then  desiccated  against  phosphorous  pentoxide 
to  await  final  treatment. 


Figure  19.  Sketch  of  Finished  Potted  Sample 

4.7.2  Design  and  Carrying  Out  of  Experiment 

As  a  first  step  in  the  experiment,  all  eight  samples  were  uniformly  lapped 
for  3  minutes  using  Lapmaster  No.  1950  lapping  compound  on  an  optically 
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flat  glass  plate.  These  plates  were  then  thoroughly  cleaned  in  a  three-stage 
ultrasonic  wash  with  deionized  water  to  remove  all  traces  of  the  lapping 
abrasive.  The  grinding  technique  avoided  contact  between  the  mold  contain¬ 
ing  the  sample  and  the  grinding  bed. 

Subsequent  to  grinding,  the  eight  samples  were  divided  into  two  groups  of 
four  samples  each;  Group  A  contained  samples  7  through  10  and  Group  B 
contained  samples  11  through  14.  The  experimental  work  for  each  group 
then  proceeded  according  to  the  following  stepwise  procedures:* 

Group  A  Procedure 

a.  Photoresponse  measurement 

b.  Desiccation  against  phosphorous  pentoxide  for  70  hours 

c.  Photoresponse  measurement—^ 

2/ 

d.  Sample  etch  — 


Sample  No. 

Etch 

Etch  Time 
(seconds) 

7 

CP-4 

ZO 

8 

CP-3 

ZO 

9 

HF-HNO  -1 

ZO 

10 

ZO 

e.  Photoresponse  measurement 

f.  Desiccation  against  phosphorous  pentoxide  for  Z4  hours 

g.  Photoresponse  measurement  ^ 

h.  Desiccation  against  phosphorous  pentoxide  for  Z4  hours 

1/ 

1.  Photoresponse  measurement  — 


*  In  the  figures  of  response  as  a  function  of  processing,  typical  responses  are 
assembled  under  letters  such  as  a,  c,  e,  g,  etc;  these  groupings  indicate  that 
the  wafer  has  completed  the  processing  step  in  the  list  of  processes  below 
which  is  identified  by  that  letter. 

2/  See  following  section  for  description, 

"y  See  table  4  for  etch  formulations. 
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j.  Relap  according  to  previously  described  procedure 

2/ 

k.  Sample  re -etch— 


Sample  No. 

Etch 

Etch  Time 
(seconds) 

7 

CP-4 

30 

8 

HF-HNO2-2 

80 

9 

Superoxol 

360 

10 

H2O 

60 

1.  Photoresponse  measurement— 

m.  Desiccation  against  phosphorous  pentoxide  for  24  hours 

T,!.  1/ 

n.  Photoresponse  measurement— 

Group  B  Procedure 

^  ,  ,-2/ 

a.  Sample  etch— 


Sample  No. 

Etch 

11 

CP-4 

12 

CP-3 

13 

HF-HNO,-l 

14 

3 

H,0 

2 

Etch  Time 
(seconds) 


b.  Photoresponse  measurement— 

c.  Desiccation  against  phosphorous  pentoxide  for  70  hours 

d.  Photoresponse  measurement—^ 

e.  Relap  according  to  previously  described  lapping  procedure 

2/ 

f.  Sample  re -etch— 


1/  See  following  section  for  description. 
2/  See  table  4  for  etch  formulations. 
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Sample  No. 

Etch 

Etch  Time 
(seconds) 

11 

CP-4 

20 

12 

CP-3 

60 

13 

HF-HNOo-l 

190 

14 

H,0 

60 

g.  Photoresponse  measurement 


y 


h.  Desiccation  against  phosphorous  pentoxide  for  24  hours 

i.  Photoresponse  measurement  ^ 

j.  Desiccation  against  phosphorous  pentoxide  for  6.5  days 

V 

k.  Photoresponse  measurement 

l.  Sample  etched  for  10  minutes  in  concentrated  hydrofluoric  acid 

m.  Photoresponse  measurement  — 

The  germanium  etch  formulations  used  in  this  experiment  are  presented 
in  table  4. 


TABLE  4 

GERMANIUM  ETCH  FORMULATIONS 


Ingredient 

Etch  Type 

(Units  By  Vol. ) 

CP-4 

CP-4 

HF-HNO^-l 

HF-HNOj-Z 

laa 

HF 

15 

15 

15 

15 

10 

HNO3 

25 

25 

25 

25 

15 

15 

^Z^Z 

10 

®^2 

0.  3 

H2O 

15 

40 

100 

2/  See  following  section  for  description. 
2/  See  table  4  for  etch  formulations. 
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4.7.3  Procedures  in  Photoresponse  Measurement 

The  photoresponse  measurements  referred  to  in  the  test  procedures  just 
described  were  the  most  critical  measurements  in  the  experiment,  since 
they  provide  a  direct  photoelectric  measure  of  the  effects  of  various  physical 
and  chemical  processes  upon  the  surface  electrical  properties  of  semicon¬ 
ductors.  The  procedures  followed  in  making  these  measurements  will 
therefore  be  described  in  detail. 

The  principal  apparatus  employed  in  this  work  was  the  "repetitive  contact" 
device  described  in  previous  quarterly  reports.  The  device  was  not  used  in 
the  repetitive  contact  mode,  but  was  employed  as  a  stationary  mechanism  to 
permit  a  metal  probe  to  contact  a  germanium  sample  with  a  controlled  amount 
of  contact  pressure. 

This  device  was  used  in  making  all  of  the  photoresponse  measurements 
according  to  the  following  stepwise  procedure: 

a.  The  potted  sample  was  placed  on  the  sample  platform  of  the  device, 
and  its  single  ohmic  contact  lead  was  soldered  to  a  grounded  metal  post 
immediately  adjacent  to  the  platform. 

b.  A  small  beryllium-copper  spring  probe  was  affixed  in  the  normal 
probe  position  for  the  contact  apparatus,  and  was  then  positioned  over  the 
point  on  the  sample  where  contact  was  desired.  The  platform  was  raised  to 
permit  the  probe  to  contact  the  sample  surface  and  the  platform  height  was 
adjusted  to  provide  a  constant  spring-probe  vertical  deflection  of  20  to  25 
mils.  (This  corresponds  to  a  very  light  contact  pressure.) 

c.  The  sample  surface  was  then  exposed  to  high  intensity  illumination 
from  a  Sylvania  Sun-G\m,  and  the  electrical  response  of  the  sample  was 
photographically  recorded  from  the  CRT  of  a  Tektronix  545  oscilloscope. 

For  each  measurement,  the  light  was  shuttered  on  in  a  period  of  the  order 
of  0.02  second,  left  on  for  6  seconds,  and  then  similarly  shuttered  off,  so 
that  each  photograph  illustrates  the  total  effect  of  the  illumination  on-off 
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sequence.  Five  areas  for  photoresponse  measurement  were  defined  for 
each  sample,  as  illustrated  in  figure  20.  Photoresponse  measurements 
were  made  only  on  those  areas  and  the  area  measured  was  recorded 
for  each  measurement. 


40  ^^-CM  P-6E  SAMPLE 


/ 
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Figure  20.  Sample  Measurement  Areas 

This  procedure  permitted  simpler  and  more  accurate  location  of  sample 
areas  having  special  interest.  Such  areas  might  be  spots  of  nonuniform  etch¬ 
ing,  areas  containing  cracks  or  fractures,  areas  having  unusually  high  dis¬ 
location  densities,  or  simply  areas  close  to  a  junction  or  near  an  edge  of  the 
sample.  Such  areas  are  easily  distinguishable  from  normal  sample  areas  in 
the  experiment. 

Table  5  summarizes  the  photoresponse  measurements;  typical  responses 
are  shown  in  the  figures. 
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*  Measurement  with  probe  in  de 


4.7.4  Responses  From  Lapped  Surfaces 

Results  of  photoresponse  measurements  made  within  30  minutes  after 
sample  lapping  with  alumina  abrasive  definitely  indicated  a  uniformity  of 
response  among  all  eight  samples.  In  general,  this  response  waveform  was 
of  the  type  shown  in  figure  21.  The  characteristics  of  this  response  curve 
were,  except  for  small  amplitude  variations,  precisely  the  same  for  all  sam¬ 
ples  lapped  in  the  same  manner.  Each  response,  in  this  regard,  showed  two 
distinct  components  (a  and  b  in  figure  21),  a  very  fast  low  amplitude  initial 
negative  response  followed  by  an  exponential -like  decay  to  some  maximum 
negative  value  (on  the  order  of  1  to  3  mv).  The  curve  then  either  remained 
essentially  flat  or  showed  a  slight  positive  response  until  illumination  was 
removed,  after  which  the  procedure  was  reversed  and  the  voltage  decayed 
to  zero . 


Figure  21.  Photoresponse  Waveform  From  Lapped  Surface 

Because  of  the  extensive  surface  damage  created  by  the  lapping  procedure, 
it  would  be  expected  that  photovoltaic  responses,  under  the  conditions  of  the 
experiment,  would  be  extremely  small  or  nonexistent  because  of  a  very  high 
surface  carrier  recombination  rate.  This  proved  to  be  the  case,  the  photo¬ 
response  (a)  being  0.  5  mv  or  less  and  being  typically  very  fast  with  respect 
to  rise  rate. 
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4.7.4.  1  Separation  of  Photovoltaic  and  Thermoelectric  Components  of 
Response 

The  remainder  of  the  response  is  not  so  simply  explained,  since  the 
behavior  observed  is  not  consistent  with  that  which  would  be  expected  for  ciny 
single  conventional  solid  state  phenomenon.  This  portion  of  the  curve  most 
probably  represents  the  sum  of  two  thermal -voltage  curves,  generated  by 
the  ohmic  junction  on  the  underside  of  the  germanium  sample  and  by  the 
junction  formed  by  the  beryllium-copper  probe  contact  to  the  exposed  germa¬ 
nium  surface. 

Of  the  total  energy  output  of  the  light  source,  a  large  percentage  lies  in 
the  infrared  portion  of  the  spectrum.  Irradiation  of  the  sample  with  this 
source  therefore  causes  the  beryllium-copper  probe,  the  germanium  surface, 
and  the  polyester  movint  to  rise  in  temperature. 

A  set  of  subsidiary  experiments  involving  successive  shielding  of  various 
parts  of  the  sample  and  its  surroundings  indicated  that  heat  conducted  to  the 
copper -germanium  jvinction  from  the  copper  probe,  and  from  the  germanium 
surface  itself  was  primarily  responsible  for  the  generation  of  a  thermal  volt¬ 
age  at  this  jiuiction. 

It  was  also  shown  that  due  mainly  to  direct  infrared  radiation  through  the 
polyester  and  heat  conduction  in  the  germanium,  the  ohmic  junction  on  the 
unexposed  surface  of  the  sample  generated  a  relatively  small  thermal  voltage. 
Since  this  voltage  and  the  thermal  voltage  generated  by  the  probe  junction  are 
in  opposition,  the  response  in  figure  Z1  is  due  to  a  summation  of  the  two,  the 
main  transient  being  photovoltaic  from  the  probe  junction,  and  the  ohmic 
contact  on  the  underside  contributing  the  positive  sloping  portion  of  the  curve. 

This  summed  thermal  effect  is  present  throughout  this  experiment,  since 
measurement  conditions  remained  essentially  the  same  in  all  the  work.  The 
responses,  however,  are  not  necessarily  of  precisely  the  same  form  as  those 
just  described,  since  any  treatment  of  a  germanium  surface  (e.g.  ,  chemical 
etching)  alters  the  nature  of  the  probe  contact  with  that  surface,  thus  changing 
the  form  of  the  thermal  response  to  a  degree  depending  on  the  amount  and 
nature  of  the  contact  change. 
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The  thermal  effects  measured  here  are  a  separate  means  of  investigation 
of  surface  properties  of  semiconductors.  Here,  they  are  used  in  combination 
with  the  photovoltaic  effect;  they  are  not  detrimental  to  the  experiment,  since 
they  can  be  subtracted  from  the  total  response  in  any  given  result  to  yield 
pure  photovoltaic  data.  They  alone  have  been  utilized  in  other  work  under 
this  contract  to  give  information  about  materials  and  device  behavior  under 
temperature  change  which  may  be  related  to  improper  performance  of  the 
device  function.  Other  utilization  of  this  thermal  response  is  also  indicated. 
4.7.5  Responses  from  CP-4  Etched  Surfaces  -  Effect  of  Etch  Time 

The  composition  of  the  CP-4  etch  was  shown  in  table  4.  On  germanium 
surfaces  the  photoresponse,  except  for  isolated  observations,  was 
generally  of  the  form  of  figure  22,  where  the  (a)  portions  of  the  curve  appear 
to  be  due  to  the  thermal  effects  described  in  detail  in  the  previous  paragraph 
and  the  remainder  is  a  photovoltaic  response  characteristic  of  the  surface 
location  being  observed.  The  amplitudes  of  these  responses  varied  over  a 
relatively  wide  range,  depending  upon  the  following  experimental  conditions: 


i 

8*20mv 

1 

0 

I  A-384  AI  VA-20 

Figure  22.  Photoresponse  Waveform  From  CP-4  Etched  Surfaces 

a.  Degree  of  etching  (controlled  by  etch  time) 

b.  Surface  measurement  location 

c.  Elapsed  time  after  etching 
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Responses  obtained  after  20-second  etches  appear  reproducibly  to  have 
considerably  different  properties  from  those  obtained  after  30-second  etches 
(see  figure  23).  After  a  20-second  etch,  the  responses  were  all  of  the  above 
form,  varying  only  slightly  in  magnitude  with  time,  and  becoming  progres¬ 
sively  noisier  and  more  inconsistent  from  point  to  point  on  the  surface.  After 
a  30  second  etch,  however,  the  initially  observed  waveform,  see  figure  23, 
inverted  with  time,  giving  a  response  similar  to  the  form  of  the  20-8econd  etch. 


20- SEC  ETCH  RESPONSE 


VERTICAL  *  10 MV/ CM  VERTICAL*  SMV/Cii 

HORIZONTAL  »  2  SEC/CM  HOWZOIN^^  t  SBC/CN 

NO  51 
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ETCH  RiSPOl 


VERTICAL*  lOMV/CM 
HORIZONTAL  *  2  SEC/CM 
NO  110 


VERTICAL  «  8  MV/CM 
HORIZONTAL*  2  SEC/CM 


Naut 
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Figure  23.  Photoresponse  Waveform  From  CP-4  Etched  Surfaces 

After  30-Second  Etch 
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Since  this  difference  in  response  occurring  between  the  ZO -second  etch  and 
the  30-second  etch  was  reproducible,  it  portrays  areal  chemical  difference 
of  the  surfaces  in  the  two  cases.  The  two  most  likely  possibilities  are 
(1)  that  a  thin  damaged  layer  is  left  on  as  a  result  of  the  grinding,  and  some¬ 
what  over  20  seconds  is  required  to  remove  it,  or  (2)  that  the  CP-4  has  an 
induction  period  before  maximum  action.  In  either  case,  the  implication 
for  device  technology  is  that  CP-4  etch  must  be  permitted  to  act  for  a  mini¬ 
mum  time  depending  upon  the  concentration,  otherwise  its  purpose  is  not 
accomplished,  and  that  increase  of  time  or  temperature  of  etch  does  not 
necessarily  result  in  a  smooth  change  of  etch  effects.  CP-4  may  leave  an 
adsorbed  layer  of  bromine. 

4.7.6  Responses  From  HF-HNO^  Etched  Samples 

Simpler,  slower,  HF-HNO^  etchants  (than  CP-4)  may  be  preferred  if 
chemical  cleanliness  is  of  prime  importance.* 

Results  from  samples  etched  in  HF-HNO^  were  extremely  difficult  to 
interpret  in  that  the  number  of  experimental  factors  to  contend  with  was 
considerably  larger  than  for  other  etches.  Nevertheless,  it  has  been  possible, 
as  a  result  of  the  experimental  work,  to  outline  some  of  the  significaunt  trends. 

First,  20-second  etches  in  HF-HNO^-l  (see  table  4)  produced  essentially 
no  change  in  response  from  that  of  the  ground  surface  so  long  as  the  sample 
was  etched  immediately  after  grinding.  If,  however,  a  70-hour  desiccation 
period  was  observed  between  grinding  and  etching,  the  20-second  etch  pro¬ 
duced  responses  considerably  different  from  those  of  the  ground  surface. 
Figure  24,  for  example,  indicates  not  only  a  change  in  response  form,  but 
also  a  marked  tendency  toward  noisiness; 

A  sample  etched  in  the  same  formulation  for  190  seconds  immediately  after 
grinding  gave  responses  of  relatively  low  amplitude  and  of  the  same  general 
form  (see  figure  25)  as  was  typical  of  CP-4  etches,  but  with  considerably 
more  noise.  Responses  from  this  sample  as  time  elapsed  after  the  etch, 

*  Holmes,  P.  J.  ,  "The  Electrochemistry  of  Semiconductors,"  Academic 
Press,  London  and  New  York,  1962,  Chapter  5,  p.  333. 
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NO  INTERVAL  BETWEEN  GRINDING  AND  ETCHING 
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Naso  NQ  56 
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Na  47 


VERTICAL*  I  MV/CM 
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Figure  24.  Photoresponse  Waveform  From  HF-HNO^-l  Etched 
Surface  After  20-Second  Etch  (70-Hour  Desiccation  Interval) 


tended  to  change  in  form,  and  to  become  inverted  (see  figure  26).  Treatment 
of  this  sample  with  concentrated  HF,  48  hours  after  etching,  produced  re¬ 
sponses  having  considerably  higher  noise  levels. 

Samples  etched  for  80  seconds  with  HF-HNO^-2,  (see  table  4)  however,  gave 
responses  of  considerable  amplitude  and  of  the  same  form  as  was  typical  of 
CP-4.  These  tended  to  increase  in  noise  and  decrease  in  amplitude  with 
increasing  time. 
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Figure  25.  Photoresponse  Waveform  From  HF-HNO^-l  Etched 
Surface  After  190-Second  Etch 


In  addition  to  the  experimental  results  previously  described,  it  was  visually 
observed  that  throughout  the  course  of  the  work  with  HF -HNO^  -  etch 

formulations  there  was  a  marked  tendency  for  the  germanium  surface  to  be¬ 
come  yellow  to  brown  in  color  during  and  after  etching.  These  colored  coat¬ 
ings  developed  in  some  etch  formulations  but  not  in  others,  were  difficult  to 
remove  in  HF,  changed  color  from  yellow  to  brown  to  black  with  heating,  and 
tended  to  volatize  aind  disappear  on  prolonged  heating.  In  other  words,  they 
had  many  of  the  characteristics  of  germanium  monoxide  formed  in  accord¬ 
ance  with  the  following  chemical  reaction: 

Ge  +  H^O  =  GeO  +  ZH'*’  +  2e’* 

-E{volts)  =  +0.256  -  0.0591  pH  (yellow) 

-E{volts)  =  +0.  100  -  0.0591  pH  (brown) 

-E(volts)  =  +0.089  -  0.0591  pH  (black) 


*  Ibid,  p.  239. 
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Figure  26.  Photoresponse  Waveform  From  HF-HNO3-I  Etched 
Surface  After  190-Second  Etch  Showing  Inversion 
After  Long  Time  Interval 


The  formation  of  these  coatings  appeared  to  depend  largely  on  the  relative 
concentrations  of  HF,  HNO^*  and  H^O  in  the  etch  formation,  there  being 
almost  no  tendency  for  coating  formation  in  15HF:  25  HNO^  but  a  marked 
increase  in  oxidation  tendency  upon  addition  of  water  to  this  formulation.  In 
fact,  it  was  strongly  indicated  that  the  formation  of  this  coating  may  define 
a  definite  region  on  an  HFiHNO^  '^2^  ternary  diagram. 
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The  formation  of  such  GeO  deposits  on  the  germanium  surface  may  strongly 
influence  the  photoresponse  measurements  made  on  these  surfaces.  The 
presence  of  the  deposits,  or  of  their  products  under  further  processing, 
affects  the  electrical  behavior  of  the  surface  under  illumination.  Therefore, 
the  charge  carrier  atmospheres  are  different  in  their  vicinity  from  what  they 

otherwise  be.  The  effects  of  such  deposits  upon  device  performance  and 
reliability  are  therefore  of  interest.  The  magnitude  and  the  type  of  influence 
caused  by  the  coatings  are  experimentally  of  interest,  because  of  their 
relationship  to  semiconductor  device  fabrication  techniques  and  on  possible 
failure  mechanisms. 

4.7.7  Responses  From  Superoxol  Treated  Surfaces 

Superoxol  is  a  recommended  etch  for  germanium  to  leave  a  clean  surface 
with  no  residues  (see  figure  27).  The  superoxol  treatment  on  a  freshly 
ground  wafer  gave  the  photoresponse  shown  in  figure  28.  Labeled  steps  of 
figure  28  are: 

a.  Initial  photo  response  with  light  on, 

b.  Decay  to  steady-state  value  including  the  sum  of  thermal  and 
photo -EMF. 

c.  Final  photoresponse  with  light  off. 

d.  Thermal  voltage  decay  as  probe  cools  to  room  temperature. 

Table  6  below  shows  the  change  of  the  response  with  time. 


TABLE  6 

TIME  VS  PHOTORESPONSE 


Time 

Photoresponse  (in 

mv) 

a 

b 

c 

d 

1  hour  after  etch 

16 

5 

11 

4 

24  hours  after  etch 

10 

3 

7 

3 

The  decay  between  photo  "on"  and  photo  "off"  was  noisy  revealing  that  the 
noise  is  directly  related  to  irradiation. 
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Figure  27.  Photoresponse  Waveform  From  Superoxol  Treated  Surface 

(See  Table  5,  Page  88) 
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Figure  28.  Photoresponse  Waveform  From  Superoxol  Treated  Surfaces 

The  time -amplitude  response  change  is  of  the  order  of  4  to  6  mv  per  24- 
hour  period.  The  thermal  decay  decreased  by  1  to  2  mv  in  a  24-hour  period. 
Two  measurements  per  time  period  were  made  on  the  sample. 

4.7.8  Responses  From  CP-3  Etched  Surfaces 

The  etch  was  looked  at  by  a  stepwise  processing,  consisting  of  a  20-second 
etch,  a  24-hour  hold  in  a  dust-free  moisture-free  atmosphere,  a  60-second 
CP-3  re-etch,  and  then  a  timewise  following  of  the  electrical  response  for  156 
hours.  A  number  of  the  samples  were  then  subjected  to  a  10-minute  HF 
treatment.  Figure  29a  and  b  shows  the  photoresponse  of  two  groups  of  sam¬ 
ples. 

The  CP-3  etchant  introduced  some  interesting  variations  as  shown  in 
figure  30. 

The  first  CP-3  etch  (20  seconds)  of  the  sample  changed  the  photoresponse 
from  (a)  to  (b)  as  shown  in  figure  30,  where  (a)  has  no  photoresponses  (only 
thermal)  and  (b)  has  both  photo  and  thermal  responses.  The  amplitudes  of  the 
thermal  responses  for  (a)  and  (b)  are  approximately  equal. 

Following  the  24-hour  hold  the  initial  photovoltage  had  diminished  from 
5  mv  to  1.2  mv,  a  decrease  of  3.8  mv  or  76  percent.  The  thermal  response 
diminished  to  1  mv,  a  reduction  of  40  percent. 
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Figure  29a.  Photoresponse  Waveform  From  CP-3  Etched  Surface 
(Group  A,  Sample  8,  See  Table  5,  Page  88) 
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Figure  29b.  Photoresponse  Waveform  From  CP-3  Treated  Surface 
(Group  B,  Sample  12,  See  Table  5,  Page  88) 
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Figure  30.  Photoresponse  Waveform  From  CP- 3  Etched  Surfaces 


A  re-etch  of  the  sample,  this  time  60  seconds  (3  times  the  first  etch), 
caused  the  amplitudes  to  increase.  The  photoresponse  doubled  (to  10  mv)  the 
response  after  the  first  etch.  The  thermal  response  increased  2.5  times  to 
2.  5  mv. 

Twenty  four  hours  after  the  second  etch  the  thermal  response  increased 
from  2  to  7  mv.  The  leading  edge  of  the  photoresponse  remained  constant 
while  the  final  photovoltage  transient  diminished  from  10  mv  to  4.  5  mv. 

Following  the  156-hour  delay  after  the  second  CP-3  etch,  the  thermal  re¬ 
sponse  changed  from  7  mv  to  zero,  while  the  photoresponse  (initial  and  final) 
returned  to  8  mv.  This  constitutes  a  decrease  of  1  mv  on  the  initial,  and  an 
increase  to  8  mv  (4  mv  change)  for  the  final  photo -transient. 

A  subsequent  HF  treatment  (10-minute  duration)  of  the  surface  increased 
the  photo -transient  to  16  mv  (approximately  double  the  previous  high  following 
the  second  CP-3  etch  (60  seconds)).  The  thermal  transient  returned  to  the 
same  amplitude  as  that  following  the  second  CP- 3  etch. 

To  further  explore  the  effects  of  surface  etchants  on  photovoltaic  responses 
using  P-Ge,  three  typical  samples  were  lapped  as  previously  reported  and  the 
photoresponses  were  measured  immediately  after  the  etching  schedule  as 
follows: 
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a.  Etch  in  boiling  30-percent  for  5  minutes. 

b.  Etch  in  100  milliliters  of  9:1  0-percent  containing  8 

grams  of  Na  OH  for  5  minutes. 

c.  Unetcbed  -  immersed  in  deionized  H^O  for  2  minutes.  (Represents 
the  control  sample. ) 

Of  particular  interest  was  the  comparison  of  etchants  with  HF  to  those 
without.  The  group  (a,  b,  and  c  above)  have  no  HF  in  the  etchants. 

Referring  to  figure  31,  for  each  sample  there  are  two  photoresponses  iden¬ 
tified  as  (c)  and  (n)  which  represent  two  separate  positions  of  contact  on  the 
given  sample. 

Samples  9  and  10  of  figure  31  showed  the  usual  characteristic  positive 
photo -transient  followed  by  a  decay  to  a  positive  steady  state  photo-EMF, 
when  irradiated,  followed  by  the  negative  going  transient  and  decay  to  ground 
potential  when  not  irradiated.  Sample  13  of  figure  31  gave  the  usual  response 
for  a  lapped  nonetched  surface. 

Maximum  response  of  sample  9  was  40  mv,  while  that  of  sample  10  was 
28  mv.  These  magnitudes  are  comparable  with  typical  freshly  etched  samples 
using  HF  etchants. 

These  results  in  no  way  indicate  that  the  presence  of  HF  in  an  etchant  has 
no  influence  on  photoresponse  measurements  made  from  germanium  samples 
etched  in  such  formulations.  They  do  indicate  strongly,  however,  that  the 
presence  of  HF  is  not  the  controlling  factor  in  determining  the  characteristics 
of  such  responses. 

4.7.9  Analysis  of  Equivalent  Circuit 

The  equivalent  circuit  of  the  experimental  setup  including  the  variable, 
passive,  and  active  parameters^  is  shown  in  figure  32. 


The  photo-EMF  due  to  the  ohmic  contact  was  omitted  from  the  circuit  be¬ 
cause,  after  potting  the  sample,  light  passing  through  the  sample  to  the  ohmic 
junction  was  absorbed  in  the  sample;  light  passing  through  the  potting  mater¬ 
ial  to  the  ohmic  junction  was  sufficiently  attenuated  to  produce  <0.1  mv 
(photo-EMF).  It  was  noted  that  direct  illumination  of  the  ohmic  junction  (with 
no  plastic  encasement)  generated  <0.4  mv  photo-EMF. 
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Figure  31.  Photoresponse  of  Waveforms  From  Lapped  Surfaces 
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Figure  32.  Equivalent  Circuit  of  Experimental  Setup 


Terms  used  in  figure  32  are  defined  as  follows: 

=  bulk  cuid  surface  resistance  dependent  on  temperature 
R  =  bulk  and  surface  resistance  dependent  on  incident  photons 
Cj  =  thermal-EMF  from  junction  of  probe  with  sample 
e  =  photo -EMF  from  junction  of  probe  with  sample 
e^  =  thermal-EMF  from  ohmic  junction  with  sample 
The  d-c  polarity  of  e^  and  e^  are  opposing,  and  when  e^  =  e^  the  net 
thermal-EMF  is  zero.  By  lumping  EMF's  and  resistances,  an  equivalent 
circuit  including  the  CRO  is  shown  in  figure  33,  where; 

Ej  =  lumped  voltage  of  sample 
r^  =  lumped  resistances  of  sample 
r  =  input  impedance  of  CRO 
Eq  =  voltage  recorded  on  CRO 

The  current  through  r^  which  biases  the  grid  of  the  input  tube  to  the  CRO 


is: 


1  = 


r  +  r 
1  2 


<18) 


The  voltage  applied  to  the  CRO  is; 


(19) 
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(20) 


E„  =  E,  - f— 

0  1  r,  +  r. 


When  ^2'  ^  change  in  has  negligible  effect  on  E. 

In  the  experiment  herein  described,  r^  =  O.OOSr^.  A  change  in  r^  due  to 
illumination  will,  therefore,  effect  a  change  in  E^  of  less  than  0.  3  percent. 

In  this  experiment,  the  effects  of  the  variable  resistance  were  considered 
negligible,  and  CRO  voltage  recorded  was  considered  to  be  the  thermal  and/or 
photovoltage  output  of  the  sample. 
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4.  8  DEPENDENCE  OF  PHOTOVOLTAIC  RESPONSE  UPON  PRESSURE 
4.  8.  1  Pressure  Effects  on  Electronic  Components 

Electronic  systems  subject  to  acceleration,  temperature  changes,  and 
varied  external  stresses,  such  as  in  missiles,  or  the  acceleration  incident 
to  takeoff  or  maneuvering,  necessarily  will  contain  components  which  are 
subjected  to  external  pressure.  Also,  changes  in  surface  characteristics 
may  be  caused  by  the  internal  pressure  effects  of  impurity  regions,  or  major 
defects.  To  investigate  these,  the  sensitive  effects  described  in  paragraphs 
4.  6  and  4.  7  were  used. 

4.  8.  2  Apparatus  and  Experimental  Method 

The  same  apparatus  was  used,  with  a  copper  probe  prepared  as  before, 
and  a  40-ohm-cm  p-doped  germanium  sample,  mechanically  polished  and 
CP-4  etched.  A  strobe  light  at  visible  frequency,  with  a  1 -millisecond  pulse 
width,  was  directed  onto  the  surface  of  the  sample,  while  the  stress  was 
applied  perpendicularly  to  the  |l:l:lj^  surface  of  the  sample. 

4.  8.  3  Effect  of  Contact  Pressure  on  Photoresponse  of  P-Germanium 

The  response  to  the  chopped  light  was  as  indicated  in  figure  34.  An  in¬ 
crease  of  contact  pressure  changed  the  initial  positive  deflection  from  6  mv 
to  2  mv  to  -4mv.  Since  the  amount  of  oxide  present  was  extremely  small, 
if  it  existed  at  all,  this  is  interpretable  in  terms  either  of  change  of  Fermi 
level  with  lattice  compression,  or  of  change  in  contact  potential  with  pressure. 
Increasing  contact  of  the  probe  with  the  germanium  under  the  thin  or  negli¬ 
gible  oxide  appears  to  be  a  less  likely  cause,  since  the  initial  response  with 
light  contact  pressure  immediately  after  a  CP-4  etch  and  deionized  water 
wash  is  positive,  so  that  if  increased  contact  were  the  only  factor,  the  initial 
voltage  would  not  be  expected  to  become  more  negative. 

4.8.4  Effect  of  Contact  Pressure  on  Steady  State  Photo-EMF 

A  further  experiment  was  performed  to  show  the  effect  upon  the  steady 
state  photo-EMF  of  externally  applied  pressure  to  a  sample  semiconductor 
material  during  illumination.  A  sample  of  1.  2-ohm -cm  p-silicon  was  used. 
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Figure  34.  Effect  of  Repetitive  Pressure  on  Photoresponse 
of  40  Ohm-cm  P-Germanium 
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with  ohmic  ground  connection  and  a  copper  probe.  Illumination  was  by 
steady  incandescent  light,  and  the  pressure  on  the  probe  was  varied. 

The  results  are  shown  in  figure  35.  The  zero  pressure  steady  state 
value  of  the  EMF  is  indicated  at  the  top.  Pressure  altered  the  value  of  the 
EMF  approximately  linearly  -  the  higher  the  pressure,  the  greater  was  the 
deviation  from  the  steady  state  conduction  current. 


Figure  35.  Change  in  Photo-EMF  with  Repetitive  Contact 


A  different  type  of  experiment  was  performed  in  which  repetitive  contact 
was  made,  accompanied  by  coordinated  chopped  incandescent  light.  The 
change  in  the  steady  state  photo-EMF  with  pressure  is  evident  in  figure  36. 
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Figure  36.  Effect  of  Repetitive  Contact  Accompanied  by 
Coordinated  Chopped  Incandescent  Light 


That  a  response  can  be  obtained  without  actual  contact  is  shown  by  another 
experiment.  The  same  apparatus  was  used,  with  ohmic  connections  to 
p>silicon,  and  pressure  fixed  for  any  one  experiment.  The  light,  chopped 
at  90  cps,  was  directed  at  the  surface,  and  oscilloscope  photos  were  taken. 
The  various  responses  are  evident  in  figure  37.  Figure  37a  shows  the  re¬ 
sponse  when  a  0.5-mil  gap  exists  between  the  probe  and  the  sample.  Both  a 
negative  and  a  positive  small  response  can  be  seen. 

The  succession  of  responses  as  the  contact  is  made  and  stress  is  applied, 
shows  a  difference  in  the  waveform  of  each  wave  of  the  periodic  pattern  (see 
figure  37b,  c,  andd). 

Evidently,  the  probe  is  able  to  detect  inductively  small  changes  in  charge 
carrier  population  of  the  surface  occasioned  by  the  illumination,  even  with 
close  approach  but  no  contact.  The  development  of  an  intermediate  peak  in 
the  downgoing  portion  of  the  waveform  is  noticeable  in  the  lower  two  photo¬ 
graphs  . 
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Figure  37.  Response  With  Coordinated  Chopped  Incandescent 
Light  and  No  Actual  Contacft* 
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!  ’i'All  applied  stress  is  perpendiciilar  to  the  surface  of  the  sample. 
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4.  8.  5  Effect  of  Temperature  Change  on  the  Pressure  Variation  of  the 
Photo -EMF 

The  beginning  and  end  results  of  an  initial  study  of  the  effect  of  tempera¬ 
ture  on  the  thermal  (not  photo-)  EMF  from  the  ohmic  junctions  are  shown  in 
figure  38.  Initially  the  thermal  EMF  outputs  of  the  two  ohmic  connections, 
(one  at  the  end  and  one  in  the  center)  were  balanced. 


Figure  38.  Beginning  and  End  Results  of  Tests  on  Thermal 
EMF  from  Ohmic  Junctions 

The  two  connections,  though  ohmic,  had  temperature  sensitivity  and  were 
therefore  thermocouples;  when  the  heat  source  under  the  sample  was  turned 
on,  the  two  EMF's  opposed  each  other.  One  and  then  the  other  dominates  the 
polarity  until  the  steady  state  is  reached.  When  the  heat  source  is  turned 
off,  another  oscillation  between  the  two  thermocouples  takes  place  as  the 
temperature  decreases  to  equilibrium  throughout  the  substrate. 

The  photovoltaic  response  was  then  examined.  An  n-type  silicon  was 
provided  with  two  ohmic  connections,  one  grounded  and  the  other  in  the  center 
of  the  substrate  to  receive  the  copper  probe  contact.  The  contact  area 
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between  the  copper  and  the  silicon  through  the  ohmic  gold  was  therefore 
constant  except  for  a  slight  thermal  expansion.  The  sample  was  heated 
above  room  temperature  by  a  heat  lamp,  and  then  with  the  lamp  off,  repet¬ 
itive  contacts  were  made  between  the  gold  and  the  copper  probe.  Figure  39 
shows  the  response. 


Figure  39.  Voltage  Response  Caused  by  Dynamic  Stress  (by  Repetitive 
Contact  Applied  Perpendicularly)  to  Ohmic  Contact  on 
Surface  of  N-Silicon 

Light  was  then  applied  to  the  contact  region.  The  response  was  that 
shown  in  figure  40.  The  effect  of  the  light  is  in  the  opposite  direction  from 
that  of  the  rise  in  temperature,  heat  producing  positive  current,  and  light 
negative  current. 

4.8.6  Implication 

Pressure,  impact,  or  remanent  stress  may  change  surface  properties  and, 
if  temperature  rises  or  electron  charge  concentrations  and  their  associated 
internal  stresses  occur  in  a  solid  state  device,  the  pressures  resulting  may 
affect  performance  of  the  device.  The  complexity  of  the  situation  is  evident 
from  the  results  shown  above.  It  is  directly  evident,  however,  that  altered 
performance  of  electronic  components  may  occur  in  military  systems  when 
stresses  or  accelerations  are  applied  to  them,  and  these  altered  perfor- 
mamces  may  constitute  failure  when  regarded  against  the  objective  desired 
for  the  system  performance. 


113 


Figure  40.  Voltage  Response  of  Combined  Dynamic  Stress  and 
Incandescent  Light  Upon  Ohmic  Contact  on  Surface  of  N-Silicon 
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4.  9  SURFACE  STUDIES;  LOW  ENERGY  ELECTRON  BEAM  SCANNING  OF 
TRANSISTOR  SURFACES 

The  variations  in  surface  potential  across  the  material  surface  can  be 
used  to  obtain  pictures  of  the  nature  and  geometry  of  the  surface.  Low 
energy  electron  beams  are  directed  at  the  surface  in  an  electron-optical 
experimental  setup  which  permits  photography  of  the  resulting  surface  in¬ 
dications.  Any  defects  which  may  be  observed  can  be  examined  for  corre¬ 
lation  with  future  or  past  failures  of  the  device.  Several  such  failed  devices 
were  examined  under  the  electron-beam  arrangement  described  in  Quarterly 
Report  2.  Examples  were  given  in  Quarterly  Reports  1,  Z,  and  3.  Since  the 
resolution  obtainable  in  the  apparatus  being  used  was  insufficient  to  yield 
the  information  desired,  the  work  is  being  transferred  to  an  electron  scanning 
microscope  presently  under  construction,  which  will  have  a  much  higher 
resolution. 

However,  several  significant  observations  were  made,  such  as  relative 
dielectric  charge  storage  on  different  types  of  transistors,  as  discussed  in 
paragraph  4. 13. 1. 

Also,  in  several  mesa  transistors,  bright  V-shaped  areas  were  seen  ex¬ 
tending  from  the  emitter  region  as  the  collector  voltage  was  applied  and 
raised  to  the  upper  operating  value  specified  for  the  transistor  under  ob¬ 
servation. 

In  one  fortuitous  case,  a  stray  dirt  particle  was  observed  on  the  surface, 
apparently  critically  influencing  the  field  distribution  in  the  vicinity  of  a 
junction. 


115/116 


4.  10  SURFACE  STUDIES:  ATTEMPT  TO  MAP  CHARGE  DISTRIBUTIONS 
ON  SEMICONDUCTOR  SURFACES 

4.  10.  1  Nature  and  Effects  of  Charge  Distributions 

The  probability  that  charge  distributions  will  be  found  at  the  sites  of  dis¬ 
locations  has  been  mentioned  by  Shockley.  Thermodynamically,  the  exist¬ 
ence  of  charge  distributions  is  indicated  at  junctions,  interfaces,  or  other 
departures  from  physical  or  chemical  homogeneity. 

The  failure  of  transistors  because  of  the  accumulation  of  ions  on  their 
surface  is  described  in  paragraph  4.  13;  such  ions  may  accumulate  because 
the  ambient  atmosphere  contains  high  concentrations  of  gaseous  ions,  or  for 
other  reasons.  As  a  part  of  the  understanding  of  the  manner  in  which  failure 
is  induced,  a  closer  look  at  the  geometrical  distribution  of  these  ions  is  de¬ 
sirable;  eventually,  it  is  desirable  to  correlate  the  ion  distribution  with  de¬ 
lect  distribution  in  the  material  of  which  the  transistor  is  made.  Impli¬ 
cations  from  the  experimental  work  described  elsewhere  in  this  report  lead 
to  the  possibility  that  effects  of  surface  charge  may  be  in  part  due  to  charge 
density  variation,  and  in  part  to  the  geometrical  location  of  the  charges  on 
the  material. 

Such  mapping  of  charge  distributions  has  been  accomplished  with  good 
resolution  on  insulators  (and  with  poorer  resolution  on  transistors).  While 
the  problem  here  is  somewhat  less  favorable  to  a  similar  experimental 
approach,  the  degree  of  information  which  may  be  obtained  was  examined. 

4.  10.  2  Techniques 

In  the  past,  such  charge  areas,  particularly  in  the  vicinity  of  p-n  junctions 
in  transistors,  have  been  delineated  by  treatment  of  operating  transistors 
with  dispersions  of  finely  divided  particles  of  high  dielectric  constants  in 
nonconducting  liquids  of  low  dielectric  constant.  It  has  been  shown  by  re¬ 
searchers  at  Bell  Telephone  Laboratories  that  such  dispersions  are  strongly 
field  responsive,  the  dispersed  particles  tending  to  migrate  and  collect  at 
surface  locations,  such  as  rectifying  junctions,  which  are  areas  of  high  field 
intensity.  It  has  also  been  shown  that  the  ratio  of  dielectric  constants,  dis¬ 
persed  solid  to  dispersing  liquid,  should  be  a  maximum  and  that  both  liquid 
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and  solid  should  be  nonconducting  naaterials.  p.N  junctions  in  transistors 
were  successfully  delineated  using  dispersions  of  barium  titanate  in  carbon 
tetrachloride,  the  dispersed  barium  titanate  particles  being  collected  at  the 
junction.  The  collected  particles  were  observed  microscopically  with  con¬ 
siderable  difficulty. 

Dusting  techniques  with  ZnS-CdS  charged  powders  have  been  used  to  delin¬ 
eate  charge  locations  on  plastics.  By  mixing  two  oppositely  charged  and  dif¬ 
ferently  colored  powders  of  small  particle  size,  and  dusting  the  plastic  sur¬ 
face  with  this  mixture,  both  positive  and  negative  charge  sites  were  exhibited 
simultaneously  by  color  difference  under  ultraviolet  light.  It  was  shown  that 
stationary  charges  can  exist  adjacent  to  one  another  in  distinct  patterns,  the 
formation  of  which  is  related  to  the  past  history  of  the  sample. 

4.  10.  3  Use  of  Dispersions 

The  present  work  was  an  attempt  to  map  bound  charges  on  device  surfaces 
by  similar  techniques. 

An  operating  mesa  transistor  was  immersed  in  dispersions  of  fluorescent 
organic  pigments  in  nonconducting  media,  such  as  n-hexane  and  xylene. 
Collected  pigment  particles  were  then  viewed  microscopically  under  ultra¬ 
violet  light.  This  approach  was  largely  unsuccessful  because  (1)  the  parti¬ 
cle  size  of  the  commercial  pigments  used  was  too  large  to  permit  useful 
resolution,  and  (2)  it  was  impossible  to  find  fluorescent  or  phosphorescent 
pigments  of  sufficiently  high  dielectric  constant  to  meet  the  solid-liquid  ratio 
requirements  necessary  for  adequate  selective  deposition. 

4.10.4  Use  of  Charged  Powders 

Because  of  prior  successful  use,  another  method,  the  charged  powder 
technique  was  tried.  An  apparatus  was  constructed  (figure  41),  which  per¬ 
mitted  operating  devices  to  be  exposed  to  a  controlled  stream  of  air  contain¬ 
ing  suspended  charged  phosphorescent  particles.  Preferential  deposition  of 
particles  on  charged  device  areas  was  strongly  indicated.  Table  7  lists 
the  substances  tried  in  various  combinations.  Two  difficulties  were  en¬ 
countered: 
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a.  The  suspended  powder  particle  size  was  too  large  to  permit  ade¬ 
quate  resolution  (better  resolution  than  that  required  with  charged  plastics 
was  necessary  for  satisfactory  results) 

b.  The  suspended  powder  exhibited  affinity  for  water;  accordingly 
agglomeration  could  not  be  avoided  for  sufficient  periods  of  time  to  obtain 
necessary  resolving  power. 
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4. 11  VOLUME  STUDIES:  THE  INCIDENCE  OF  CRACKS,  VISIBLE  OR  SUB-  , 
VISIBLE.  IN  SEMICONDUCTOR  MATERIALS 

The  application  of  mechanical  atresees  well  within  the  range  encountered 

during  processing  to  semiconducting  materials  has  been  shown  to  cause 

cracks  in  the  material,  both  those  visible  imder  a  lOOOx  Leitz  microscope, 

and  those  not  visible,  but  demonstrable.  These  and  other  results  of  the 

apparatus  built  for  the  flexure -charge  experiments  are  described  below. 

The  equations  of  motion  of  the  flexure  test  apparatus  are  given  in  Appendix  A. 

4.11.1  Apparatus  Modifications 

The  flexure -charge  apparatus  described  on  pp.  40-43  of  quarterly  report 
3  was  modified  by: 

a.  Completely  electrically  shielding  the  sample  and  its  immediate 
surroundings 

b.  Providing  precise  means  for  the  removal  of  undesired  high  fre¬ 
quency  components  of  the  electrical  trace 

4.11.2  Sample  Displacement  Cycle 

An  analysis  of  the  mechanical  cycle  performed  by  the  material  in  flexure 
is  given  in  paragraph  4.  11. 12,  together  with  some  indication  of  the  reasons 
for  the  choice  of  the  precise  dimensions  used.  The  actual  displacement  of 
the  end  of  the  sample  is  periodic,  nearly  sinusoidal,  but  with  a  slight  dis¬ 
placement  of  the  maximum. 

4.11.2.1  Deviation  From  Ideal  Displacement  Cycle 

Using  an  extremely  flat  silicon  dendrite -web  sample,  a  complete  cycle 
was  traversed  by  hand  in  steps.  From  its  highly  reflecting  surface,  a  1-mm 
diameter  collimated  light  spot  from  a  zirconium  arc  point  source  was  re¬ 
flected  to  a  translucent  plastic  screen  at  a  distance  of  6  feet.  The  position 
of  the  spot  was  plotted  on  the  plastic  screen  for  each  30  degrees  of  the  cycle. 
The  result  of  the  measurement  is  the  curve  shown  in  figure  42.  Since  one 
end  of  the  sample  is  fixed,  the  curve  shows  that  a  small  but  appreciable 
twisting  or  torsional  stress  component  occurs  simultaneously  with  flexure. 
This  is  being  designed  out  of  the  apparatus.  The  actual  displacement  used  in 
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Figure  42.  Results  of  Cycle  of  Flexure -Charge  Apparatus 


the  experiments  was  small  enough  so  that  the  twist  was  of  minor  effect.  Its 
effect,  however,  is  to  make  the  two  possible  maxima  in  a  complete  cycle 
slightly  different  in  stress  concentration.  This  is  indicated  later  in  figure 
50  by  the  notations  "primary"  and  "secondary"  flexure  maxima. 

4.11.3  Sample  Characteristics  and  Preparation 

4.11.3.1  Samples 

Two  types  of  samples  were  employed:  (1)  n-silicon  dendrite-web  sam¬ 
ples  of  volume  resistivities  between  4.  5  and  7.  0  ohm-cm  (figure  43),  (2) 
l/4-inch  p-silicon  slivers,  diamond  cut  from  7/8-inch  diameter  production 
wafers  ranging  in  thickness  from  approximately  5  to  15  mils. 

The  dendrite -web  samples  are  preferred  because  they  are  of  convenient 
width,  they  can  be  obtained  in  virtually  any  desired  length,  and  because  the 
edge  dendrites  are  stronger  and  considerably  more  flexible  than  the  web  so 
that  critical  stresses  invariably  occur  first  in  the  center  web  section. 

4.11.3.2  Cleaning 

Before  the  attachment  of  leads  and  junctions,  the  samples  were  subjected 
to  a  standard  cleaning  procedure  to  completely  remove  all  organic  surface 
contamination  as  well  as  all  oxides  of  silicon.  Besides  providing  optimum 
results  with  respect  to  surface  cleanliness,  this  procedure  yielded  optimum 
performance  in  subsequent  alloying  operations.  It  included  the  following 
steps: 

a.  Organic  contamination  was  removed  by  immersing  the  samples  in 
boiling  trichloroethylene  for  10  to  15  minutes. 

b.  Surface  oxides  of  silicon  were  next  removed  by  a  15 -minute  im¬ 
mersion  in  concentrated  hydrofluoric  acid. 

c.  Excess  acid  was  then  removed  by  a  thorough  rinsing  in  fresh 

deionized  water.  • 

d.  Retained  water  was  then  washed  from  the  samples  by  rinsing  in  a 
1:1  mixture  of  acetone  and  methyl  alcohol.  The  samples  were  then  left 
immersed  in  a  fresh  portion  of  the  same  mixture  until  ready  for  use  in 
subsequent  operations. 


Figure  43.  N -Silicon  Dendrite  Web  Sample  Schematic  Diagram 
and  Equivalent  Circuit 


4.  11.  3.  3  Junction  and  Lead  Attachment 

Silicon-gold  alloy  connections  gave  the  maximum  mechanical  strength  as 
well  as  best  reproducibility  in  electrical  performance;  nail-head  bonding  and 
thermal  compression  bonding  techniques  gave  inferior  results. 

Following  sample  cleaning,  the  required  alloy  junctions  were  made  in  a 
hydrogen  bell  jar  on  a  clean  and  thermally  degassed  carbon  slab  over  a 
nichrome  heater  strip,  and  allowed  to  come  to  room  temperature  under  con¬ 
tinuous  hydrogen  flow. 

The  alloy  junctions  were  positioned  on  the  sample  as  shown  in  figure  43. 
For  nonrectifying  junctions,  the  two  end  junctions  were  doped  the  same  as 
the  silicon  sample.  The  equivalent  circuit  of  the  n-silicon  dendrite  web  is 
shown  in  figure  44.  The  center  connection  (lead  to  the  oscilloscope)  was 
made  by  alloying  a  5 -mil  gold  wire  to  the  silicon  surface  simultaneously 
with  an  n-or  p-doped  piece  of  gold. 
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Figure  44.  N -Silicon  Dendrite  Web  Electrical  Representation 
4,  1 1.  3.  4  Sample  Mount 

The  sample  mount  consisted  of  two  stainless  steel  blocks  positioned  a 
fixed  distance  apart,  each  containing  a  mold  cavity  suitable  for  encapsulating 
the  ends  of  the  silicon  sample  in  a  low  melting  metal  alloy  (figure  45).  For 
the  experiments  described  here,  an  indium-tin  eutectic,  to  which  10  percent 
of  pure  lead  was  added  for  increased  rigidity,  was  used  for  end  encapsulation. 
Provision  was  incorporated  for  additional  pressure  on  the  metal  encapsula¬ 
tion  to  obtain  a  firm  constant  pressure  contact  across  the  uneven  cross 
section  of  the  sample  ends. 
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MOUNTING  HOLES 


Figure  45.  Sample  Mount 


4.  11.4  P-N  Junction  Experiments 


Figure  46.  Illuminated  P-N  Center  Junction  Sample 


4.  11.5  Ohmic  Junction  Experiments 

When  samples  liaving  ohmic  center  lead  junctions  were  repetitively  flexed, 
very  low  magnitude,  but  periodically  repeated  responses  (figure  47)  were 
obtained  for  experiments  run  both  in  darkness  and  with  junction  illumination. 
Junction  illumination,  in  this  regard,  had  little  or  no  effect  on  the  electrical 
response  obtained. 

4.11.6  Variation  of  Position  of  Center  Lead 

Samples  having  ohmic  center  lead  junctions  attached  in  various  positions 
along  the  sample  length  were  prepared  and  tested  in  the  apparatus.  Results 
of  this  experiment  indicated  that  the  position  of  the  lead  attachment  has  no 
effect  on  the  maximum  magnitude  of  the  response  obtained,  but  that  ntaximum 
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Figure  47.  Ohmic  Center  Junction  Sample 


responses  are  obtained  after  fewer  repetitive  flexures  when  the  leads  are 
attached  at  points  of  maximum  stress  on  the  silicon  sample  surface. 

4.  11.7  Fatigue  Experiments 

Significant  electrical  responses  had  been  obtained  from  the  short-term 
flexure  of  silicon  dendrite -web  samples,  and  therefore  the  effect  of  long¬ 
term  flexure  on  performance  was  looked  at.  Samples  with  ohmic  center- 
junctions  were  flexed  repetitively  and  continuously  at  0.  85  cps  for  periods  up 
to  12  hours.  Electrical  responses  were  recorded  periodically,  and  ambient 
temperature  close  to  the  sample  was  recorded  continuously  by  a  platinum- 
platinum  (10  percent  rhodium)  thermocouple  and  precision  potentiometer. 

At  stated  intervals,  the  samples  were  removed  and  photographed  micro¬ 
scopically  with  a  Leitz  microscope -camera  combination,  to  correlate  elec¬ 
trical  response  with  mechanical  damage  at  the  surface.  Figure  48  shows 
typical  electrical  responses. 

The  results  of  these  experiments  are  discussed  in  paragraph  4.  11.9  be¬ 
low. 
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4. 1 1 . 8  Elevated  Temperature  Experiments 

Since  senoiconductor  devices  may  often  function  in  relatively  high  tem¬ 
perature  environments,  the  temperature  dependence  of  the  phenomena  re¬ 
lated  to  device  failure  is  important  to  a  complete  understanding  of  the  mech¬ 
anisms  by  which  failures  occur.  And,  since  the  fatigue  experiments  which 
were  conducted  have  shown  that  mechanical  damage  in  silicon  can  occur  as 
a  result  of  repetitive  stressing,  additional  experiments  were  conducted  to 
obtain  information  on  the  temperature  dependence  of  these  damage  creation 
processes. 

Samples  of  the  same  type  used  in  the  fatigue  experiments  were  mounted 
in  the  flexure  apparatus,  and  the  sample,  and  its  immediate  surroundings, 
brought  to  a  stable  thermal  equilibrium  at  a  temperature  higher  than  room 
temperature  by  heating  with  a  forced  stream  of  warm  air.  Since  all  of  the 
junctions  on  the  sample  are  small  thermoelectric  generators,  the  establish¬ 
ment  of  thermal  equilibrium  was  assured  by  delaying  the  experiment  until 
the  electrical  trace  at  the  oscilloscope  had  reached  a  stable  dc  level,  indica¬ 
ting  overall  thermoelectric  equilibrium.  Flexure  was  then  begun  at  a  fre¬ 
quency  of  0.  85  cps,  and  the  electrical  responses  and  surface  damage  were 
photographed  periodically.  The  same  procedure  was  then  repeated  for 
several  different  temperature  levels,  thus  providing  information  regarding 
the  electrical  response  change  with  variation  in  temperature. 

Figures  49a  and  49b  are  typical  photographs  of  the  responses  obtained  for 
this  series  of  experiments. 

4.11.9  Visible  and  Subvisible  Cracks  in  Semiconductor  Materials 

The  results  of  the  fatigue  test  are  summarized  in  the  sketch,  figure  50 
which  shows  the  results  with  one  sample  and  is  representative  of  those  with 
other  members  of  the  experimental  series.  Primary  and  secondary  flexure 
maxima  are  explained  in  paragraph  4. 11.  2.  1  above. 

As  seen  from  this  sketch,  after  10  minutes  of  continuous  flexure  at  a 
frequency  of  0. 85  cps,  relatively  "fast"  responses  began  to  appear  at  the 
maucimum  stress  point  on  the  flexure  cycle.  With  an  increasing  number  of 
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Figure  49.  Typical  Electrical  Responses  of  Samples 
Subjected  to  Fatigue 


flexure  cycles,  the  responses  above  the  steady  state  value  never  exceeded 
1  millivolt,  but  additional  re8ix>nses  began  to  appear  at  the  opposite  point  of 
maximum  flexure.  Finally,  in  the  specific  experiment  illustrated,  voltage 
responses  of  a  roughly  repeating  character  were  obtained  over  the  entire 
flexure  cycle  after  8  hours  of  continuous  flexure. 

Microphotographs  of  the  sample  surfaces  at  various  times  throughout  the 
course  of  the  test  produced  the  following  generalized  observations: 

a.  In  general,  no  change  in  sample  surface  characteristics  was 
discernible  (for  microscope  magnifications  up  to  200x)  for  continuous  flexure 
times  of  up  to  approximately  1  hour. 
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Figure  50.  Pictorial  Summary  of  Fatigue  Experiment  Results 
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b.  After  1  hour,  microscopically  observable  cracks  or  fractures 
began  to  appear  at  points  of  obvious  stress  concentration  (e.  g. ,  around  alloy 
junctions,  surface  flaws,  etc,  (figure  51).  With  increasing  flexure  time 
beyond  this  point,  the  creation  of  new  fractures  and  enlargement  of  old  ones 
occurred  continuously. 


Figure  51.  Typical  Junction  Area  Damage  Resulting  From 
Repetitive  Stressing 


On  the  basis  of  these  results,  it  appeared  reasonable  to  conclude  that  the 
electrical  responses  observed  on  repetitive  flexure  were  directly  related  to 
the  occurrence  of  fractures  and  other  mechanical  damage  produced  by 
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repetitive  stress  induced  fatigue  in  the  sample.  It  is  probable  that  the  volt¬ 
age  pulses  observed  in  the  present  experiments  stem  from  the  following  f&e- 
nomena: 

a.  It  is  probable  that  the  largest  single  contributor  to  the  voltage  re¬ 
sponse  was  the  frictional  generation  of  charges  at  fracture  interfaces,  caused 
by  minute  displacements  of  adjacent  fracture  planes  relative  to  one  another 
as  the  sample  was  flexed.  This  type  of  phenomena  has  been  observed  often 
in  the  past  by  other  experimenters. 

b.  At  the  instant  of  formation  of  a  new  fracture  in  the  silicon  sample, 
a  separation  of  charges  similar  to  that  observed  by  Skinner  and  Kern  in 
insulating  polymers  probably  occurred.  This  phenomenon  then  contributed 
continually  to  the  voltage  response  as  previously  formed  fractures  became 
enlarged  with  repeated  sample  stressing. 

c.  In  addition,  it  has  been  shown  in  other  work  on  this  contract  that 
some  contact  charging  can  occur  when  similar  materials  are  repetitively 
contacted.  A  similar  phenomena  probably  occurs  here  as  existing  cracks 
and  fractures  open  and  close  during  the  flexure  cycle. 

For  continuous  flexure  times  beyond  about  1  hour,  the  appearance  of  a 
new  voltage  response  in  general  always  coincided  with  the  formation  of  a  new 
fracture,  or  the  enlargement  of  am  old  one. 

Responses  occurring  at  continuous  flexure  times  less  than  1  hour,  how> 
ever,  could  not  be  correlated  with  readily  observable  gross  mechanical 
damage. 

Some  experimental  observations  support  the  possibility  that  these  re¬ 
sponses  may  result  from  the  formation  of  minute  surface  fractures  similar 
to  the  "reversible  cracks"  observed  in  flexurally  stressed  glasses  by  Finkel 
amd  Kutkin.  When  the  surface  on  which  these  cracks  occur  is  stressed  in 
tension,  the  cracks  open  sufficiently  to  permit  noicroscopic  observation,  but 
they  have  the  ability  to  close  or  possibly  heal  almost  completely  upon  removal 
of  the  applied  stress.  This  explanation  of  the  results  obtained  in  the 
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present  study  is  supported  by  the  results  of  the  following  supplemental 
experiments: 

a.  Samples  which  had  been  repetitively  stressed  for  less  than  10 
minutes  were  lightly  etched  with  a  hydrofluoric -nitric -acetic  acid  mixture 
(designated CP -4),  a  strong  silicon-silicon  oxide  etchant,  and  compared  with 
similarly  etched  but  unstressed  samples.  Those  samples,  which  had  been 
stressed,  revealed  patterns  of  very  fine  etch  lines  in  far  greater  abundance 
than  the  unstressed  samples. 

Since  it  is  knov'n  that  preferential  etching  will  occur  at  sites  of  discon¬ 
tinuity  on  silicon  surfaces,  it  can  be  tentatively  concluded  that  the  line 
patterns  obtained  were  due  to  preferential  etching  of  the  acid  at  microscopi¬ 
cally  invisible  fractures  sites  on  the  silicon  surface. 

b.  A  simple  experiment  showed  that  the  gradual  application  of  pres¬ 
sure  at  a  point  on  a  silicon  wafer  surface  can  result  in  observable  fracture 
patterns  which  completely  disappear  upon  removal  of  the  stressing  force. 

4.  11.  10  Elevated  Temperature  Results 

The  sketch,  figure  51,  prepared  in  a  manner  similar  to  that  for  the 
"fatigue  test"  results,  summarizes  the  results  of  the  elevated  temperature 
experiments  which  were  conducted  in  accordance  with  the  previously  de¬ 
scribed  procedure. 

The  most  significant  observations  with  respect  to  these  results  are  the 
following: 

a.  An  increase  in  sample  ambient  equilibrium  temperature  was  in¬ 
variably  accompanied  by  an  increase  in  magnitude  of  the  voltage  response 
obtained  on  repetitive  flexure. 

b.  A  correlation  of  sample  surface  microphotographs  with  voltage 
response  data  indicated  that  increased  temperature  shortened  the  continuous 
flexure  times  required  for  gross  mechanical  damage  to  first  occur  in  the 
sample. 

If  the  explanation  for  the  phenomena  observed  in  the  "fatigue  tests"  cam 
be  tentatively  assumed  correct,  then  result  a,  cited  above,  is  completely 
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consistent.  It  is  well  known  that  aja  increase  in  temperature  in  a  semicon¬ 
ductor  results  in  an  increase  in  the  number  of  carriers  above  the  quasi- 
Fermi  level  (determined  by  the  electro -chemical  potential).  With  respect 
to  the  present  experiment,  this  increase  would  logically  manifest  itself  in 
an  overall  increase  in  the  magnitude  of  voltage  responses,  both  at  steady 
state  and  on  repetitive  sample  flexure. 

4.  11.  11  Conclusions 

Oscillatory  and  repeated  stresses  in  silicon  and  probably  in  other  semi¬ 
conductor  materials  of  similar  mechanical  properties  can  cause  deteriora¬ 
tion  of  the  overall  performance  of  devices  made  of  the  material. 

Such  stresses  can  be  applied  without  its  being  evident  in  the  course  of 
grinding,  polishing,  scribing,  etc. 

The  mechanical  degradation  that  is  caused  by  flexural  stresses  in  silicon 
has  been  shown  to  concentrate  at  alloy  junctions  and  other  sites  of  discon¬ 
tinuity.  It  also  is  hastened  by  elevated  temperature. 

Some  of  the  damage,  though  existing,  may  become  microscopically  in¬ 
visible  upon  removal  of  the  stress. 

The  above  phenomena  appear  to  occupy  a  significant  position  with  regard 
to  fundamental  mechanisms  of  failure  in  semiconductors. 
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4.  12  VOLUME  STUDIES;  UTIUZATION  OF  THE  ELECTRICAL -FRIC¬ 
TIONAL  PROBE  FOR  VOLUME  STUDIES  OF  SEMICONDUCTOR 
MATERIALS 

As  described  in  paragraph  4.  3,  the  frictional  probe  electrical  response 
gives  information  on  the  nature  of  material  under  the  surface,  by  either 
suitable  utilization  of  frequency  of  light  illuminating  the  material,  or  of 
applied  voltage  on  the  probe.  Indications  of  effects  occurring  under  the  sur¬ 
face  are  also  given  by  the  techniques  described  in  paragraidi  4.  5,  although 
the  electrical-frictional  probe  is  regarded  as  more  informative.  In  those 
sections  are  described  some  of  the  experiments  which  showed  the  utility  of 
each  apparatus  for  volume  studies,  and  the  results  obtaiined. 

4.  13  TRANSISTOR  FAILURE  CAUSED  BY  SURFACE  CHARGING 

Detailed  descriptions  of  the  work  performed  which  resulted  in  the  dis¬ 
covery  that  surface  charging  could  cause  transistor  failures  is  given  in 
Quarterly  Reports  2  and  3.  A  few  typical  curves  from  the  curve  tracer 
showing  the  alteration  in  transistor  characteristics  with  charging  are  given 
in  figure  53.  The  difference  in  the  effects  of  charging  the  surface  near  the 
emitter,  and  near  the  collector,  is  described  in  Quarterly  Report  3. 

The  charging  may  occur  because  of  a  niurnber  of  different  causes.  In  the 
manufacturing  process,  frictional  electricity  may  unwittingly  be  created  by 
the  operator's  movement  relative  to  some  surface,  during  encapsulation  and 
flow  onto  the  transistor.  The  transistor  may  be  in  regions  containing  strong 
electromagnetic  fields  before  encapsulation.  Any  of  the  effects  described 
below  may  be  responsible.  If  the  charge  does  not  flow  off  rapidly,  the  re¬ 
tained  charge  can  cause  the  type  of  performance  failure  shown  in  the  diagrams, 
in  which  its  characteristics  change  from  that  of  a  transistor  to  that  of  a 
resistor  of  low  resistance.  Later  recovery  may  occur  over  long  periods 
of  time. 

Since  most  transistor  surfaces  are  passivated,  a  thin  nonconducting  layer 
is  on  the  surface,  which  tends  to  retain  the  charge;  because  of  its  thinness, 
the  charge  is  close  to  the  surface  of  the  semiconducting  material.  The 
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Figure  53b.  Separate  Charging  of  Emitter  and  Collector 


change  in  characteristics  can  be  caused  by  any  one  of  a  number  of  effects, 

some  of  which  are:  field  effect  because  of  the  charge  layer  being  an  extremely 

small  distance  from  the  operating  transistor  region,  dielectric  breakdown  of 

the  passivating  layer  because  of  the  steep  gradient  across  it,  electron-hole 

generation  favored  by  the  sharp  field  gradient,  dielectric  polarization  of  the 

passivating  layer,  or  formation  of  channels  by  the  added  charge  density. 

Chemical  change  of  the  layer  may  or  may  not  be  involved. 

4.  13.  1  Failure  From  Charging  by  Application  of  Ions  to  the  Transistor 
Surface 

In  summarizing  the  experiments  using  gas  carriers  of  ions,  argon, 
nitrogen,  and  air,  it  can  be  concluded  that  the  integrated  effect  of  air  or 
nitrogen  is  greater  than  of  argon  as  the  ion  carrier.  The  small  differences 
in  ionization  potential  were  negligible  for  the  voltages  used  in  ionizing.  Flow 
rate  was  the  same.  The  charge  decay  time  on  the  transistor  is  much  shorter 
when  argon  is  used.  Whether  this  is  because  of  the  greater  mean  velocity  of 
the  lighter  atom  at  the  same  temperature  or  because  of  a  smaller  affinity  of 
the  charged  ion  to  the  surface  was  not  determined. 

When  the  partially  ionized  gas  is  directed  at  the  emitter  of  a  rate -grown 
transistor,  the  collector  current  will  decrease  by  20  percent.  (Quarterly 
Report  3,  paragraph  4.6.4).  If  the  gas  stream  is  directed  at  the  collector 
area,  the  collector  current  increases  by  over  100  percent. 

The  ion-charging  studies  were  conducted  on  several  types  of  trautsistors 
(grown -diffused,  planar,  and  mesa).  The  charging  effect  of  the  ion 
generator  was  much  smaller  on  the  mesa  auid  planar  type  transistors. 

The  condition  of  the  transistor  prior  to  ion- charging  was  important. 
Transistors  with  minor  damage  or  exceptionally  low  betas  were  much  more 
susceptible  to  accepting  a  charge,  as  compared  to  a  new  transistor  meeting 
specifications.  After  being  charged  and  discharged,  the  transistor  surface 
was  more  susceptible  to  accepting  a  charge,  even  after  days  of  inactivity. 

When  the  surfaces  of  various  transistors  were  scanned  with  an  electron 
beam  (paragraph  4.  9  above),  the  ceramic  base  material  under  the 
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grovm-diffused  transistor  retained  a  charge  that  distorted  the  image  of  the 
surface  of  the  device  under  inspection.  However,  when  a  mesa  type  tran> 
sistor  was  scanned  with  an  electron  beam,  definite  patterns  could  be  deter¬ 
mined,  even  though  the  mesa  transistor  was  only  a  fraction  of  the  size  of 
the  grown -diffused  transistor. 

Further  experimentation  is  desirable  to  pin  down  the  precise  types  of 
effects  operating  in  the  failure  by  surface  charging,  but  the  failure  is  real 
though  not  necessarily  permanent,  and  has  been  demonstrated.  The  fact 
that  the  surfaces  become  more  susceptible  to  charging  aifter  being  once 
charged  would  argue  for  a  chemical  change  or  for  dielectric  breakdown. 
However,  it  was  also  observed  that:  the  effect  disappears  when  the  charge 
has  time  to  leak  off  (permanent  chemical  change  by  dielectric  breakdown 
would  favor  the  retention  of  a  charge  though  not  at  all  so  great  as  that 
originally  applied);  ultraviolet  light  causes  the  effect  (paragraph  4.  13.  2 
below);  similar  effects  are  caused  by  frictional  charging  by  shaking  a  trans- 
sistor  with  loose  desiccant;  and  the  effect  can  be  produced  by  a  steep  low- 
peak  voltage  pulse  with  recovery  shortly  thereaifter.  Since  UV  causes  it,  and 
since  the  gases  without  their  ions  do  not  cause  the  effect,  it  is  attributable 
to  the  charge  rather  than  the  chemical  nature  of  the  gas.  Irrespective  of  the 
cause  or  group  of  causes,  it  is  a  demonstrated,  previously  unsuspected, 
mechanism  of  failure. 

To  minimize  the  ability  of  a  transistor  to  retain  sm  electrical  charge,  it 
is  recommended  that  dielectric  material  be  reduced  to  a  minimum  or  be  pro¬ 
vided  with  sufficient  leakage  to  minimize  the  RC  time  constant  for  charge 
storage. 

4.13.2  Charging  by  Ultraviolet  Light 

This  process  is  described  in  Quarterly  Report  3.  A  sample  of  its  effect 
is  shown  in  figure  54.  It  is  a  mechanism  of  failure,  but  unlikely  to  be  en¬ 
countered  in  the  normal  use  of  encapsulated  transistors. 
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Figure  54.  Longwave  UV  on  Surface  of  Alloyed  Junction  Transistor 


4.13.3  F^lure  Resulting  From  Transistor  Vibration  or  Acceleration: 

Charging  by  Frictional  Contact  With  Loose  Desiccant  Particles 

The  effect  of  loose  desiccants  in  transistors  was  observed.  Several  tran¬ 
sistors  commercially  available  are  manufactured  ^th  loose  desiccants. 

From  the  previous  results,  it  was  felt  that  frictional  charging  from  this 
desiccant  would  affect  transistor  performance. 

The  transistors  were  vibrated  at  a  frequency  of  1200  cps,  so  that  accelera¬ 
tions  of  15  to  25  g's  were  applied.  Pictures  were  taken  of  the  collector 
curve  characteristics.  The  collector  curves,  figure  55,  resemble  normal 
curves  but  appear  to  be  modulated  with  white  noise.  The  fogginess;  i.  e.  , 
the  traces  which  leave  the  regular  curves  and  appear  to  go  downwards  in  a 
rsmdom  fashion,  all  with  the  same  slope,  are  the  effect  of  the  frictional 
charge  resulting  from  the  rubbing  of  the  desiccant  particles  on  the  passivating 
layer  or  elsewhere  during  the  shaking. 

The  change  in  electrical  characteristics  was  a  slight  increase  (>  5  percent) 
in  collector  current. 

It  is  recommended  that  desiccants  not  be  incorporated  loose,  or  in  such 
form  that  they  can  crack  free  or  powder;  instead  the  desiccant  should  be 
thoroughly  secured  internally,  in  the  tremsistor 's  cover. 

4.13.4  Failure  Resulting  From  Nonoverload  Steep  Voltage  Pulse 

In  these  experiments,  as  distinguished  from  those  in  paragraph  4.  13.  1, 
the  pulse  charging  of  the  transistors  was  carried  out  on  encapsulated  tran¬ 
sistors:  i.  e. ,  as  they  arrive  from  the  supplier. 

Transistors,  all  of  a  similar  type  (grown-diffused),  but  varying  in  beta 
and  in  previous  condition,  were  subjected  to  a  0.  6-psec  pulse,  with  a  rise 
time  of  0.  1  psec  and  pulse  height  of  100  volts,  at  a  repetition  rate  of  500  cps; 
the  pulses  were  fed  directly  into  the  base  of  the  transistor  from  a  pulse 
generator  for  15  seconds.  The  circuit  is  shown  in  figure  56.  The  pulse 
generator  was  then  disconnected,  and  the  transistor  switched  to  the  collector 
curve  tracer.  The  electrical  effect  as  viewed  on  the  collector  curve  tracers 
showed  a  10  to  15  percent  increase  in  collector  current.  This  increased 
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Figure  55.  Effect  of  Loose  Desiccant  Under  Vibration 


current  returned  to  the  original  value  of  collector  current  in  approximately 
25  seconds. 

As  in  the  experiments  described  in  paragraph  4.  13.  1,  the  magnitude  of  the 
increase  in  collector  current  and  the  decay  time  were  dependent  upon  the 
condition  of  the  transistor:  the  transistors  with  the  lowest  beta  exhibited  the 
greatest  increase  in  collector  current  and  the  longest  recovery  time. 
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Figure  56.  Circuitry  for  Pulse  Charging 

In  the  performance  of  its  circuit  function,  a  transistor  used  at  nearly  the 
specification  voltages  may  suffer  this  kind  of  change  of  characteristic.  It 
is  reasonable  to  believe  that  even  though  the  voltages  used  here  were  below 
the  overload  range,  a  decrease  of  peak  voltage  will  decrease  the  undesired 
effect.  The  likelihood  of  changes  in  transistor  performance  from  this  effect 
would  then  be  decreased  if  a  derating  procedure  is  used,  so  that  the  tran¬ 
sistor  is  not  subjected  to  voltage  peaks  above  some  fraction,  say  50  or  30 
percent  of  its  rated  values.  .  _ _ 

4.  14  SPECIFIC  FAILURE  MODES  RELATED  TO  FABRICATION  AND 
PROCESSING  TECHNIQUES:  LIAISON  AND  CORRELATION  WITH 
PRODUCT  RELIABILITY  GROUP 

Accompanying  the  investigation  described  in  paragraph  4.  1,  a  number  of 
devices,  principally  transistors  and  diodes,  have  been  examined  physically 
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by  removal  of  the  can  and  subjecting  them  to  various  physical  and  microscopic 
tests.  A  small  amoimt  of  this  work  has  been  performed  in  liaison  with  the 
Product  Reliability  Group,  sui  a  means  of  obtaining  clues  as  to  mechanisms 
of  failure. 

Since  similar  results  have  been  obtained  by  other  contractors  under  the 
Mechamisms  of  Failure  program  of  the  sponsor,  and  since  the  items  were 
studied  not  to  identify  modes  of  failure,  but  to  yield  clues  to  mechanisms  of 
failure  not  presently  recognized,  they  will  not  be  described  in  detail. 

Examples  of  such  failed  devices,  from  different  manufacturers,  include: 

a.  A  glass  diode  which  exhibited  suitable  forward  current  characteristics, 
but  broke  down  at  one -third  its  rated  value  of  180  volts  when  operated  in  the 
back  current  direction.  Qiemical  cleaning  removed  the  paint,  and  inspection 
through  the  glass  showed  that  the  inside  of  the  glass  envelope  was  coated  with  a 
fine  deposit  of  Pb  particles.  The  particles  would  move  when  the  glass 
envelope  was  tapped,  and  contributed  microphonics  on  the  forward  current 
curve.  The  opened  diode  was  examined  under  the  microscope,  figure  57,  and 
the  silicon  disc  appeared  to  have  two  passivating  covers.  The  outer  one  which 
was  a  transparent  silicone  grease  about  the  consistency  of  a  heavy  oil  (contain¬ 
ing  some  of  the  Pb  particles)  was  removed  with  trichloroethylene.  The  diode 
completely  recovered.  Apparently,  the  breakdown  was  due  in  part  to  dis¬ 
charge  between  the  metal  particles  in  the  silicone  grease. 

b.  A  diode  reported  shorted  was  examined.  It  showed  0.  5  megohm 
resistance  and  on  examination  was  found  to  be  not  shorted  but  approaching 
an  open  condition  from  a  fracture  occurring  near  the  bonding  of  the  anode 
lead.  The  stresses  apparently  were  bimetallic  from  alloying,  and  actual 
cracking  may  have  resulted  from  additional  external  stresses,  during  use. 

c.  Two  power  transistors,  silicon-alloyed,  that  failed  in  a  system 
were  checked  and  found  to  look  resistive,  with  no  beta.  After  applying  heat 
to  remove  the  transistors  from  their  heat  sink,  both  showed  some  transistor 
action.  Both  were  opened  and  subjected  to  ammonium  fluoride  etch,  washed. 
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Figure  57.  Microscopic  View  of  Opened  Diode 


and  rechecked  on  a  curve  tracer.  Both  had  recovered  to  more  tham  80  per¬ 
cent  of  their  meodmum  operating  limits.  The  partial  recovery  adter  applica¬ 
tion  of  heat  auid  the  almost  complete  recovery  adter  a  surface  etch  indicates 
surface  faulure;  no  test  was  made  for  any  effect  of  deterioration  of  the  silicone 
varnish  at  the  transistor  operating  temperature. 

d.  Two  diodes  submitted  by  the  Product  Reliability  group  had  fauled 
during  high  ambient  heat  (262*  -  266 *C)  tests.  No  diode  action  could  be 
detected.  Solder  rivulets  had  formed  between  the  anode  amd  cathode,  fused 
into  the  side  of  the  Si -pill,  and  continuing  underneath  into  a  pool  of  solder 
(figure  58).  After  etching  the  solder  rivulets  nearly  off,  diode  action  waa 
restored. 


Figure  58.  View  of  Diodes  Failed  During  High  Ambient  Heat 


e.  Direct  comparison  was  made  between  two  2N333  transistors  which 
were  initially  good  (as  received);  after  subjecting  them  to  an  overload  voltage 
pulse,  one  failed,  and  the  other  one  withstood  many  such  voltage  pulses  with¬ 
out  failure.  Upon  removing  the  cap  and  observing  the  two  transistors  under 
the  microscope,  it  was  clearly  visible  that  in  the  failed  transistor  the  alloy 
used  to  solder  down  the  emitter  end  of  the  silicon  bar  to  the  ceramic  base 
had  run  over  and  bridged  across  the  entire  base  region,  and  onto  the 
collector.  At  this  point,  the  question  was  why  the  transistor  had  tested  good 
initially.  Apparently  a  thin  layer  of  natural  oxide  on  the  silicon  surfa^re  pre¬ 
vented  the  alloy  bridge  from  actually  shorting.  However,  the  initial  overload 


pulse  electrically  punctured  this  oxide  layer,  and  produced  the  short  indi¬ 
cated  by  the  visual  examination.  As  a  final  step,  the  metal  shorting  bridge 
was  carefully  etched  away,  and  the  transistor  was  found  to  be  restored  to 
its  normal  operating  condition. 

This  instance  illustrates  the  need  for  good  control  of  even  the  noncritical 
steps  in  the  manufacture  of  the  transistors,  and  also  the  need  for  visual 
inspection  to  pinpoint  cases  where  units  may  appear  good  \(^en  tested 
electrically,  but  still  be  susceptible  to  failure. 
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4.15  THE  EFFECT  OF  CARRIER  DIFFUSION  IN  SEMICONDUCTOR 
MATERIALS 

4.15.1  Introduction 

The  effects  of  carrier  diffusion  are  fundamental  to  the  solid  state  explana> 
tion  of  conduction,  and  to  analyses  of  the  behavior  of  rectifying  junctions, 
transistor  action,  etc.  Diffusion  effects  may  be  responsible  for  space  charge 
concentrations,  diffusion  potentials  at  junctions,  non- ohmic  behavior,  etc. 

It  is  the  purpose  of  the  present  development  to  show  that  the  thermodynami¬ 
cally  consistent  picture  of  the  diffusion  component  of  the  current  flow  can  be 
responsible  for  circuit  transients  not  usually  included  in  the  conceptual  an¬ 
alysis  of  devices  made  of  semiconducting  materials. 

Effects  in  circuits  containing  devices  made  with  semiconductor  materials, 
such  as  delay  times  in  traversal  of  a  region,  lag  caused  by  the  detailed  be¬ 
havior  of  carriers  in  the  vicinity  of  a  p-n  junction,  etc.  ,  have  been  consid¬ 
ered  in  a  number  of  studies,  partly  in  the  search  for  soli^  state  analogs  of 
inductive  action.  Here,  the  distinction  between  such  inductive-type  response 
and  that  considered  in  conventional  inductances  must  be  recognized. 

The  conventional  inductance  introduced  into  a  circuit  performs  two  main 
functions.  Both  may  be  derived  from  Maxwell's  equations.  First,  it  causes 
a  phase  lag  in  the  current,  behind  applied  voltage;  second,  it  stores  energy 
in  the  electromagnetic  field.  The  solid  state  analogs  of  inductance,  which 
have  been  discussed  in  the  literature,  perform  the  first  function  adequately; 
the  frequency  and  temperature  dependence  of  the  phase  lag  may  be  different 
than  usually  expected  in  conventional  inductances,  but  this  can  be  allowed  for 
in  circuit  or  microcircuit  design.  The  solid  state  analogs  do  not  perform  the 
second  function  in  the  same  way  in  which  an  inductance  does. 

It  is  not  the  intention  of  the  present  development  to  discuss  the  questions 
of  lossless  storage  of  energy  in  the  electromagnetic  field,  the  Poynting 
vector  and  its  justification  at  high  frequencies,  and  the  effect  of  radiation 
upon  total  circuit  energy.  It  may  be  assumed  in  a  solid  state  material,  that 


current  flow  is  governed  by  the  conduction- diffusion  equation,  at  least  at 
frequencies  in  the  ranges  used  in  solid  state  technology:  i.  e. ,  below  nnicro- 
wave  frequencies.  For  convenience,  the  derivation  below  considers  only  a 
single  carrier,  but  generalization  to  two  is  immediate  and  not  difficult. 

If  a  thermodynamically  consistent  derivation  (reference  1)  is  made  of  the 
flow  of  a  single  carrier  in  a  semiconducting  material,  neglecting  carrier 
generation  and  recombination,  the  electrochemical  potential  is: 

U  =  »(<  +  kT  In  n  +  constant  (22) 

where  4*  is  e  times  the  electrical  potential  V,  n  is  the  volume  density  of 
carriers,  and  k  and  T  are  Boltzmann's  constant  and  the  absolute  temperature. 
The  current  through  the  material  is  given  by: 

j  =  -npVU  =  -  np74<  -  pkT  Vn  =  nepE  -  eD  7  n  (23) 

in  which  D  is  the  diffusion  constant,  and  £  the  electrical  field.  Equation  23 
is  the  conduction  diffusion  equation  for  a  single  carrier,  analogous  to  these 
for  majority  and  minority  carrier  developed  by  Shockley  and  co-workers 
(reference  2).  From  the  development  (reference  1),  it  is  possible  also  to 
determine  other  thermodynamic  quantities,  including  the  Maxwell  forces 
within  material  through  which  the  current  is  flowing  or  in  which  the  charges 
are.  These  forces  agree  with  those  expected  on  the  basis  of  a  treatment  of 
the  charge  content  and  current  flow  as  an  electron  gas. 

4.15.2  General  Formulation 

Consider  a  sample  of  semiconductor  material  within  a  device.  Because 
of  the  operation  of  contiguous  portions  of  the  device,  time- dependent  elec¬ 
trical  fields  are  created  in  the  vicinity  of  the  sample  being  considered, 

(figure  59).  To  examine  the  effects  of  these  electrica^  fields,  blocked  bound¬ 
aries  will  be  considered;  the  volume  of  the  material  bistween  the  two  sur¬ 
faces  is  therefore  subject  to  internal  currents  and  potentials  because  of  the 
fields,  but  no  net  current  flow  occurs  across  the  surfaces.  The  question  to 
be  considered  is  what  transients  and  what  heat  dissipation  are  found  in  the 
volume  of  material. 
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The  one- dimensional  model  considered  here  is  depicted  in  figure  60. 

E  (t)  represents  the  electric  intensity  of  an  applied  field;  E.  (x,t),  the  inter- 
nal  field  due  to  the  displacement  of  charge  carriers:  E^(x,t),  the  net  elec¬ 
tric  intensity,  E  +  E.;  and  j(x,t),  the  current  density  within  the  dielectric 

ft  X 

sample.  It  is  assumed  that  only  one  type  of  charge  carrier  is  present,  hav¬ 
ing  been  released  from  a  bound  state  by  a  suitable  agency  such  as  thermal 
or  photon  excitation,  leaving  behind  an  oppositely  charged  core  density  fixed 
in  space.  It  is  assumed  that  the  current  density  consists  of  both  conduction 
and  diffusion  components,  and  that  related  time- dependent  phenomena  are 
described  sufficiently  well  by  the  steady  state  conducti<^n- diffusion  equation, 
viz . , 

j(x,t)  =  p  e  n(x,t)  E^(x,t)  +  e  D7  n(x,t)  (24) 

where  (j.  is  the  mobility  constant;  n,  the  negative  charge  carrier  density:  D, 
the  diffusion  constant;  and  e,  the  electron  charge. 

By  obvious  reformulation,  the  treatment  is  applicable  to  those  cases  in 
which  the  charge  carrier  is  positive,  as  when  holes  instead  of  electrons,  or 
protons  or  other  ions  (in,  for  example,  alkali  or  silver  halides,  or  certain 
polymeric  materials),  are  the  carriers.  Although  in  many  cases,  the  Nernst- 
Einstein  diffusion  equation  will  be  applicable: 

e  D  =  p  k  T,  (25) 

the  treatment  will,  for  generality,  continue  to  use  the  diffusion  constant, 
and  equation  25  will  be  introduced  where  appropriate  in  considering  certain 
consequences  of  the  treatment. 

Treating  the  applied  field  as  a  boundary  perturbation  of  the  form,  X  E  (t), 

ft 

the  various  physical  variables  can  be  expanded  in  terms  of  the  perturbation 
parameter  X  as  follows: 

®  k  k 

E^  (x,t.X)  =  Y.  ®T  ^  ^  ^  L  ^ 

k=0  k=0 
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j  (x,t,X)  =  ^  jjj  (x*t)  ^ 


n(x,t,X)  =  ^  (x.t)  X 

k=0 


CO 

a{x,t,X)  =  jj,  e  n  (x,t,X)  =  H'  «  X  *\.(**t)  X^  =  a  X^ 

k=0  k=0  “ 

As  verified  below,  a  set  of  appropriate  boundary  conditions  is 


Ejo  ° 

E_(o.t)  =  E_(d.t)  =  XE  (t) 


(28a) 


{29a) 


j  (o.t)  =  j  (d.t) 


(30a) 


Equation  29  implies  that  in  the  unperturbed  state  the  specimen  is  electrically 
neutral,  and  equation  30a  implies  that  the  boundary  interfaces  are  "blocked.  " 
Both  equations  29a  and  30a  give: 


^ik<°'*>  =  ^ik<°'‘)  =  ^ik  =  0;  k  =  1.  2,  ... 


(o.t)  =  (d.t)  =  0; 


k  =  1,  2,  .  . 


Together  with  Poissons 's  equation  and  the  continuity  relation: 
7*E,j.  =  (4»e/€)  (n^  -  n),  c  =  % 

y.j  =  e  (an/dt); 

Equation  24  to  the  first  order  reduces  to: 

,  a^E.,  as., 

O  X 

T  =  Dt,  K  =  4»  p  e  cD; 


(29b) 


(30b) 
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where  is  the  constant  positive  "core"  density,  and  K  is  the  square  of  a 
parameter  with  the  dimensions  of  a  reciprocal  length  analogous  to  that  intro¬ 
duced  in  the  Debye -Huckel  treatment  of  electrolytes.  If  the  Nernst- Einstein 
diffusion  relation  (equation  Z5)  is  applicable,  K  is  the  reciprocal  of  the  square 
of  the  "Debye  shielding  distance,"  h,  so  that  if  h  is  small  with  respect  to  d, 
(i.e. ,  K  large  in  comparison  with  d  the  electron  gas  may  be  considered 
as  behaving  as  a  plasma  (reference  3). 

In  the  above  equations,  is  the  permittivity  of  free  space,  with  the  value 
unity  if  electrostatic  units  are  employed,  is  the  relative  permittivity, 
which,  for  values  greater  than  one,  accoxmts  for  the  classical  polarization 
of  a  linear  dielectric  (reference  4),  and  is  commonly  called  the  dielectric 
constant.  The  physical  phenomenon  associated  with  e^is  purely  an  energy 
storage  and,  under  an  applied  alternating  field,  a  material  characterized 
only  by  €  would  show  no  loss.  A  Cole- Cole  diagram  for  such  a  material 

X\ 

would  consist  of  a  single  point  on  the  abscissa  at  6_.  In  the  experimental 
investigation  of  the  loss  associated  with  alternating  fields,  an  additional 
mechanism  is  being  studied  which  modifies  Cj^into  a  frequency- dependent 
quantity.  The  complex  dielectric  constant  e*  s  e^f  (w);  in  paragraph  4.  16, 
the  functional  form  of  f(w)  is  obtained  for  a  semiconducting  material  showing 


loss  originating  in  conduction  and  diffusion. 

In  addition  to  the  above  equations,  we  have: 


j  (x,t)  =  (eD/4»)  /kE.j.j(x,t) - j  (x,  t)} 

dx 


Defining  a  Green's  function  by  the  following  equation: 


L  {g(x.T|x^,T^)}  =  -  =  6  (X-Xp)  6  (t-Tq)  (35) 

OX 

with  boundary  conditions: 

(dg/dx)^0  '  ^^«/^*^x=d  '  “"o  I  *o'  ""o^  ' 
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There  ie  attained  from  equation  33,  with  E  itanding  for  E^^: 


Equations  29b,  30b,  34,  36,  and  37  yield: 


S:j1<x.t)  K  {g(o.T^|x.T)  -  gtd.rJx.T)}  J  (x^.o)  ^ 


The  boundary  conditions  utilized  in  evaluating  equation  37  emerge  from 
the  Green's  function  treatment  as  the  appropriate  and  consistent  boundary 
conditions  for  the  physical  problem.  They  have  not  been  arbitrarily  chosen 
prior  to  the  development,  as  would  be  the  case  for  the  steady  state  closed 
form  of  the  solution.  This  is  related  to  the  fact  that  a  steady  state  solution, 
obtained  directly,  rather  than  through  a  general  solution  which  represents 
the  summation  of  the  actual  physical  transient  (or  relaxation)  responses, 
will  describe  only  the  steady  state,  and  not  permit  generalization  to  more 
general  situations. 

It  is  readily  verified  that  the  Green's  function: 

g(x,T  I  X^.T^)  =  -  t  ^  (2/nir)  sin  (nir  x^/d)  •  cos  (nirx/d)- 
n=  1 

exp  {  I*  (t  -  T^)  ]  (39) 
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■atisfiea  equation  35  and  the  boundary  conditions  of  equation  36.  If  there  is 
no  initial  carrier  displacement,  the  second  term  on  the  right-hand  side  of 
equation  37  vanishes  and,  by  equations  26  and  39,  the  first  order  solution 
for  the  electric  intensity  is: 

00 

Eji  =  E^(t)  -  Y.  {4KD/(2n-l)r}  .  sin  {(Zn-l)  rx/d}  (40) 

nsl 

where 

•  “P  {-P2n.l°  <'  '  '»>}  V 

o 

and  that  for  the  charge  density  is: 

2 

=  n^,  n  =  n^  +  n^X  +  O  (X  ), 
to 

-(€/4jre)  (4KD/d)  y  ^{t)  .  cos|(2n-l)  irx/dj  (41) 

n=l 

The  term  n^  describes  a  uniform  density  and  is  primarily  a  number,  its 
identification  with  a  charge  opposite  to  that  of  the  carrier  being  the  result 
of  a  multiplicative  term.  By  equation  31: 

n  =  n^  -  {c/4ffe)  y  .  E^  (42) 

so  that  n^  may  also  be  regarded  as  the  reference  uniform  distribution  of 
carriers  which  has  been  disturbed  by  the  applied  field  and  diffusion  to  yield 
the  actual  distribution,  n(x,  t).  This  also  follows  from  the  zero  order  terms 
of  equations  24  to  32.  Since  n^  is  a  number,  the  term  n^  appearing  in  the 
definition  of  KD  (equation  33)  establishes  the  value  of  KD  in  terms  of  the 
mean  carrier  density. 

Here  X  is  a  separation  variable  which  may  be  dropped  after  terms  of  the 
same  order  of  perturbation  have  been  collected  together.  Since  the  phenom¬ 
enon  is  nonlinear,  the  physical  response  will  be  different  in  quality  as  well  as 


in  magnitude,  as  the  applied  field  changes.  Additional  terms  in  the  expansion 
will  be  taken  up  elsewhere:  for  the  present  purpose,  they  are  not  necessary. 

It  is  shown  below  that  for  dielectric  constant  and  loss  factor,  it  is  appropriate 
that  X  be  infinitesimal  and  therefore  a  suitable  perturbation  parameter.  Equa¬ 
tions  40  and  41  will  in  general  be  approximations  for  large  applied  fields, 
since,  for  them,  the  higher  order  terms  of  the  boundary  problem  solution  are 
important. 

Equation  33  is  equivalent  to: 


dn 


=  e  D 


+  07. 

o 


(43) 


in  which  the  subscripts  refer  to  the  first  order  terms  in  the  expansions,  and 

is  the  conductivity  computed  for  the  unperturbed  charge  carrier  density. 
Therefore,  the  regarding  of  X  as  infinitesimal  amounts  to  retaining  the  terms 
in  which  the  electric  field  intensity,  charge  density,  or  current,  show  the 
primary  dependence  upon  the  applied  neld  and  upon  quantities  such  as  the 
mobility  and  diffusion  constant,  but  rejecting  those  which  describe  the  product 
of  two  such  effects  or  the  secondary  chamge  in  one  such  quantity  brought  about 
by  the  primary  change  in  another. 

The  parameter  KD  is  independent  of  the  diffusion  constant,  D,  auid  may 
be  restated  as: 


KD  =  4jr  (n  e  p/e  e  )  =  a  /e  (44) 

+  OR  O 

where  0^  is  the  conductivity  which  would  be  observed  if  an  infinitesimal  direct 
current  field  were  applied  to  the  dielectric.  The  diffusion  term,  in  ^D, 
i.e.,  [(Zn-l)  ff/d]^D,  becomes  important  or  negligible  as  D  becomes  large 
or  small,  but  also  as  the  thickness  of  the  dielectric,  d,  becomes  small  or 
large.  It  is  more  important  for  the  higher  order  terms  in  n. 

The  results  in  equations  40  and  41  constitute  time -dependent  first  order 
solutions  applicable  to  the  study  of  recovery  and  transient  phenomena,  as 
well  as  loss  factor  investigations. 
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4.15.3  The  Transientt  Retulting  From  the  Diffmion  Component  of  the  Current 
The  diffiiaion  represents  an  uncoordinated  type  of  carrier  motion,  as 
compared  to  that  of  the  field-dependent  carrier  flow.  Therefore,  any  change 
in  applied  field  will  result  in  a  change  in  internal  field,  potential,  charge 
carrier  density,  and  distributions  which  will  not  completely  follow  those  of 
the  applied  field.  These  changes  will  be  time -dependent,  since  the  diffusion 
equilibrium  cannot  be  attained  instantaneously  for  the  new  condition;  there¬ 
fore,  a  time-varying  applied  field  will  bring  into  existence  a  time-varying 
set  of  electrical  quantities  within  the  material.  To  determine  the  nature  of 
the  transients,  the  equations  developed  above  will  be  applied  to  various  types 
of  time -dependent  applied  electrical  fields. 

4.15.3.1  Sinusoidal  Applied  Field 

If  the  applied  field  is  sinusoidal,  E  a  X  cos  cot.  Then: 


Ejj  (x.t)  ■  coi  <dt 


~^A7to~-iW  - r-z - Z? - ^T'  ^ 

n «  1  '  '  i.  «  +  _  jD)  J 

•ia  I  (2n  -  1)  r  x/d| 


Evidently,  the  added  transient  is  unimportant  at  the  surfaces  of  the  semicon¬ 
ductor  material,  and  reaches  a  maximum  halfway  between  these  surfaces. 

To  see  the  nature  of  the  dependence  upon  the  frequency,  it  is  more  convenient 
to  examine  the  complete  transient  potential.  By  integrating  over  the  thickness 

of  the  material: 

d 

V(t)  =  -  f  (x,  t)  dx 

o 


(46) 


d’*  V{t)  ■  -  coi  wt  -  J]  — — 
a  ■  1  (2a 


8KD  f" 


■in  wt  *  ^2,^  jD  (cos  wt  -  wq) 

•  *  ">2.  . 


>2. . 


Considering  the  case  in  which,  for  all  terms  of  the  expansion  which  are  sig¬ 
nificant,  steady  state  term  becomes 
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d"^  V(t)  =  S  cos  («t  -  a), 
where 

A  a  1  -  (4iroQ  KD/A),  B  =  4*0^  A  a  -f  K^D^,  (47) 

tana  =  B/A,  S  ^  a  A^  +  B^ 


The  transient,  therefore,  consists  of  an  exponentially  decreasing  term  which 
reduces  the  potential  across  the  sample,  and  a  steady  state  term  which  lags 
the  applied  field  by  an  amount  dependent  upon  the  frequency.  As  the  fre¬ 
quency  applied  to  the  carriers  in  the  material  increases  from  zero  to  large 
values,  this  lag  increases  from  zero  up  to  a  maximum  of  x/Z. 

Slightly  different  behavior  derivable  from  equation  46  is  obtained  if 
the  approximation  3.  ,  =  KD  is  not  valid. 

4.15.3.2  Pulsed  Field 

Calculation  of  the  effect  of  a  pulse  can  be  done  the  same  way. 


E  (t  )  =  0, 
a  o 


=  c, 

=  0, 


then. 


"Zn  = 


c(p 


2n 


t  <  0 
o 

0  <  t  <  b 
—  o  — 

t  >  b 
o 


exp  (-P 


2n  -  1 


Dt) 


<48) 


-  |l  -  exp  ,  D(t  -  bij.] 


consisting  of  two  transients,  attributable  respectively  to  the  initial  rise  in 
field  and  the  fall  in  field  at  the  end  of  the  pulse.  Here, 
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s  (KO)~^  [ exp  (KDb)  -  l]  exp  (-KDt)  t>b  . 

4.15.3.3  Impulse 

The  response  to  an  impulse  may  be  calculated  directly  but  can  be  obtained 
more  readily  from  the  results  of  the  last  paragraph.  Let  be  s  1,  c>*«  . 

The  response  to  a  unit  impulse  at  t  s  0  is: 


n  s  1  (Zn  •  1)  V 

From  equation  51,  it  is  evident  that  the  response  to  an  impulse  is  a  dis¬ 
tribution  of  exponential  decays.  If  conduction  is  predominant,  these  all  have 
the  same  decay  constant  and  siun  up  into  a  simple  exponential  decay.  If 
diffusion  is  predominant,  they  differ  in  decay  constemt  and  sum  up  into  a  curve 
whose  departure  from  a  pure  exponential  depends  iq>on  the  relative  weights  of 
conductivity  and  diffusion  constant.  Using  the  Nernst-Einstein  relation,  the 
diffusion  broadening  of  the  curve  will  be  more  effective  at  higher  temperature: 


r4rei 

1D.4— 


(2n  - 


If  the  mobility  is  unchanged,  increased  importance  of  diffusion  affects  the 
decay  curve  through  the  ratio  of  temperature  to  charge  density.  From  equa¬ 
tion  52,  it  is  obvious  that  this  will  be  more  effective  in  thinner  samples,  and 
such  effects  should  be  more  easily  observed  in  thin  films. 
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4. 15.3.4  Application  of  a  Steady  Field 

If  a  sample  with  no  field  applied  to  it  is  suddenly  inserted  into  a  field,  c, 
or  a  field  is  suddenly  applied  to  it  (no  net  current  over  the  boundaries,  since 
blocked  boundaries  are  under  consideration), 

•zn  -  !<•>  •  =  <l>2n  -  l“>''  [  '  *  '-"z.  -  l“)]  <“> 


SO  that  the  field  and  potential  across  the  sample  increase  exponentially  like 
the  charging  of  a  capacitor .  The  current  at  the  center  plane  of  the  specimen 
is 


e  KD  c 

4r 


Z 


(zrrnr  - 1“> 


(54) 


and  if  conduction  is  predominant: 


o  exp  (- ~  t).  (55) 

4.15.3.5  Geometrical  Location  of  Transient  Effects 

From  the  equations,  it  is  evident  that,  because  of  the  blocked  boundary, 
the  field  transients  are  greatest  in  the  center  of  the  sample,  farthest  away 
from  the  surfaces.  The  same  is  true  for  the  internal  current.  The  average 
power  loss  is  computed  in  paragraph  4. 16.4. 

4.15.4  Effect  on  Charge  Carrier  Distribution 

From  equation  41 ,  it  is  evident  that  the  effect  of  such  transients  on  charge 
carrier  distribution  will  be  greatest  near  the  surfaces.  Since  the  same 
a  's  are  involved,  the  time  dependence  of  the  efiect  upon  the  charge 
carrier  distribution  has  essentially  the  same  functional  form  as  in  the  cases 
just  discussed,  deviating  more  as  diffusion  becomes  more  important.  The 
dependence  on  distance  from  the  surface,  while  different  from,  is  analogous 
to  the  well-known  skin  effect. 
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4.15.5  Equivalent  Circuit 

The  impedance  Z  (Ud)  per  unit  area  can  be  written  aa: 


ZM  .  [Y(i«)]’^  «  (d/l»e)  [l  Z  {(2n  -  1)^  p^n  -  l) 

n  «  1 


.  Z  [»KDA.2  (2„  .  1)"  .  .]  /(i»  ^  .  ,D) 

n  s  1 

from  which  the  equivalent  circuit  in  figure  61  can  be  derived.  In  the  figure. 


(57) 


r  n  a  1 


a  cr^  (2n  -  1)^  p^^  _  j/SKD 


G 

n 


C 
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From  a  network  standpoint,  figure  61  shows  why  the  curves  in  para.  4.  16.3 
show  only  one  maximum  rather  than  a  series  ot  peaks  corresponding  to  the 
individual  relaxation  times.  An  RC  network,  as  in  figure  61,  has  an  infinite 
set  of  alternating  poles  and  zeros  on  the  negative  real  axis  of  the  frequency 
plane.  Such  a  distribution  of  poles  and  zeros  csui  give  rise  only  to  one  max* 
imvim  peak  in  the  impedance  magnitude,  or,  equivalently,  in  the  dielectric  loss, 


even  though  an  infinite  number  of  relaxation  mechanisms  are  present. 


in  a  Semiconducting  Material 
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4.16  FAILURE  IN  SOLID  STATE  DEVICES  FROM  INTERNAL  HEAT 
GENERATION 

4.16. 1  Introduction 

In  paragraph  4.15,  it  wat  shown  that  the  diffusion  component  of  conduction 
diffusion  in  a  solid  state  material  introduces  transients,  and  produces  a  lag 
in  the  response  to  a  sinusoidal  field.  Any  such  lag  is  accompanied  hy  con^ 
version  of  electrical  into  heat  energy.  In  this  paragraph,  the  complex 
dielectric  constant  and  loss  fkctor  will  be  developed,  and  the  power  loss  to 
heat  calculated.  Since  the  result  is  important  at  low  frequencies,  it  becomes 
one  of  the  mechanisms  which  should  be  included  in  the  consideration  of  losses 
in  the  presently  insufficiently  understood  frequency  range  below  100  cps. 

The  present  calculation  also  shows  the  consistent  way  to  include  conduction  in 
the  specimen  into  loss  factor  calculations,  and  this  turns  out  to  be  not  addi¬ 
tive. 

4.16.2  Dielectric  Loss  From  Conduction  and  Diffusion 
4.16.2.1  The  Complex  Dielectric  Constant 

The  solutions  result  from  a  consideration  of  combined  conduction  and 
diffusion  alone.  No  other  loss  mechanism  is  invoked  to  accotmt  for  a  depend¬ 
ence  between  the  complex  dielectric  constant  and  frequency.  Nonlossy 
material  exhibiting  ideal  polarization  is  represented  adequately  by  the  con¬ 
ditions,  6  >1,  =  0.  The  effect  of  additional  loss  mechanisms  will  be 

described  subsequently. 

In  the  present  case,  the  effective  complex  dielectric  constant  is  most 
conveniently  derived  from  the  zero  order  admittance  between  the  boundary 
interfaces.  The  applied  field  is  E  s  X  exp  (iwt).  With  the  interface  voltage 

St 

V^t),  and  displacement  current  at  the  boundary,  i(t),  given  by: 


(58) 

(59) 


If  I 


respectively,  the  sero  order  admittance  per  unit  area  it  defined  as: 


•  {**“)}] 

where  7is  the  Fourier  transform  operator;  i.e. , 

y  «  r  f(t)  exp  (-iwt)  dt 

ComUning  equations  40,  45,  46,  and  47: 

Y(iw)  =  i«(e/d)  (a  +  iP)"* 


where 


..I-(8KdA^  J 

n  s  1 


and 


p  »  (8  KD/r^)  g  _  1 

n  s  1 


and 

A 


2n  -  1 


*  (2n  -1)^  (w^  +  p^  D^). 

2n  .1 


Therefore,  the  complex  dielectric  constant,  e*,  it  given  by: 
€♦  (w)  *  €'  («)  -  ic"  («)  =  Y  (iw)/i«{e  /d)  =  e  /(o  +  ip) 

O  II 

»  c. 


P  D 
^2n  -1 


(2n  -1)^  («^  +  p^^  D^) 


<60) 

(61) 

(62) 

(62a) 

(62b) 

(62c) 

(63) 


.  ,  8  KD  V  w  1 

X  n  3  1  (2n  -1)  {«  +  P2n  -1  ^  ^  J 


The  (real  and  frequency  dependent)  dielectric  constant,  and  loss  factor  are: 


€'  »  +  P  )*  €  ■  e_P/(o^  +  p^) 


(64a) 
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and  the  lose  tangent  ia: 
tan  4  »  e'/c"  «  p/o. 


(64b) 


Equation  63  for  e*,  although  obtained  by  a  perturbation  nnethod,  ia  an 
exact  aolution.  The  dielectric  loaa  in  a  nonlinear  mechaniam  auch  aa  thia 
will  depend  upon  both  the  frequency.  (i>,  and  the  amplitude,  X,  of  the  applied 
field.  However,  a  dielectric  constant  is  a  property  of  the  material,  and  not 
of  both  the  material  and  the  amplitude  which  the  investigator  happens  to  ap¬ 
ply  in  the  experiment.  Accordingly,  to  be  meaningful,  €*  (w,  X)  is  defined  in 
practice  as  X).  The  limiting  process  removes  the  importance  of 

the  succeeding  order  perturbations,  and  leaves  the  complex  dielectric  con¬ 
stant  defined  in  equation  63  as  the  exact  solution. 

The  series  for  a  and  P  may  be  expressed  in  dimensionless  variables  as: 

0=1-  (Ss^/ir^)  ^  [s^  +  (2n  -  l)^]/(2n  -  1  [x^  +  {s^  +  (2n  -  l)^}^]f 

n  =  1 

p  =  (8s^x/ff  )  ^  (2n  -  1)  fx^  +  {s^  +  (2n  -  1)^}^]  (65) 

n  s  1 

where 

X  =  wd^/x^D,  8^  =  KD  d^A^D 

If  the  diffusion  constant,  as  is  often  the  case,  is  expressible  as: 

D  =  v^a^  exp  (-U/KT) 

tnen 

X  =  (2A)  (v/vj  (dVa^)  exp  (+U/KT) 

2 

This  expresses  the  ratio  of  the  product  of  the  applied  frequency  times  d  to 
the  product  of  the  characteristic  lattice  maximum  or  average  frequency  and 
the  lattice  constant  squared  corrected  by  a  Boltzmann  factor.  The  parameter 
8  is  essentially  the  ratio  of  d  to  the  Debye  length;  if  the  Nernst-Einstein  re- 
lation,  equation  25,  is  valid,  s  =  (4  e  /rck)  (n^  d  /T),  and  is  proportional 


2 

to  the  density  of  carriers.  In  the  figures,  s  is  represented  by  the  param¬ 
eter,  r. 

4.16.2.2  The  Particular  Case  of  Conduction  but  No  Diffusion:  Low  Tempera¬ 
ture 

If  equation  25  is  valid,  diffusion  will  become  negligible  with  respect  to 
conduction  at  low  temperatures  and  only  at  low  temperatures.  Equation  23 
has  been  shown  to  be  experimentally  valid  when  the  conducting  and  diffusing 
entities  are  identical;  i.e.,  under  a  wide  number  of  equilibrium  conditions 
(reference  5)  and  to  be  appropriate  to  the  steady  state  (nonequilibrium)  flow 
of  current  in  a  semiconductor.  Even  if  the  flow  does  not  precisely  obey 
equation  25,  it  would  be  expected  that  a  qualitatively  similar  experimental 
behavior  would  characterize  the  temperature  dependence  of  D.  Since  the 
diffusion  term  in  is  [(2n  -  1)^»  an  infinitely  thick  specimem 

will  show  the  same  type  of  behavior  as  if  D  =  0 . 

At  very  low  temperatures,  or  in  an  infinitely  thick  specimen,  the  ex¬ 
pressions  above  become,  for  all  n, 

t 

a  (t)  s  exp  (-KDt)  f  E  (u)  exp  (KDu)  du  (66a) 

=  a(t) 

E  =  E  -  KD  a(t) 

For  the  special  case,  E  s  X  exp  (icot): 

o  =  «V[«^  +  D^]  =  a  ^  +  p^ 

p  =  «KD/[m^  +  D^] 

so  that 

C-.Cr 

€"  ■  c_  KD«  2a  /f  e 

R  — -  O  O 

U 
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Figure  62.  Dependence  of  Dielectric  Constant  on  Relative 
Importance  of  Diffusion  and  Conduction 


Figure  63.  Dependence  of  Maximum  c"  and  5  on  r 
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The  laet  two  equations  for  the  dielectric  constant  and  loss  factor  are,  of 
course,  standard  relations  (reference  6),  when  no  di£{asion  takes  place. 
4.16.2.3  The  Static  Dielectric  Constant,  and  Diffusion 

I 

If  the  frequency  is  set  equal  to  sero,  the  static  dielectric  constant,  €  (0). 

is  obtained.  This  will  here  be  denoted  by  e  without  a  subscript  to  avoid  con- 

»» 

fusion  with  the  e  previously  defined.  P  and  €  are,  of  course,  zero,  and  e 


becomes 

-  ,  ,  -  - - - -  S  €  (rs/z)  cotanh  (rs/Z)  (67) 

c  *  (e  /o)  s  21  * 

n  =  1 


so  that  €  =  6_  for  small  s,  but  becomes  therefore  e,  are  large.  Increase  of  the 

A 

importance  of  diffusion  relative  to  conduction  decreases  e,  until  when  diffusion 
is  predominant,  e  approaches  All  else  being  the  same,  lower  temperatures 
or  higher  mobile  charge  density  increase  s.  The  first  effect  agrees  with  the 
well-known  usual  decrease  of  the  dielectric  constant  as  the  temperature  increases 
(reference  8). 

If  the  carrier  density,  n^,  increases  without  limit,  so  does  s.  From 
equation  67,  the  static  dielectric  constant  increases  without  limit,  propor¬ 
tionally  to  (n^)^^^.  This  increase  of  the  dielectric  constant  as  the  carrier 
density  increases  is  consistent  with  classical  electrostatic  solutions  of 
dielectric  bodies  in  space,  in  which  a  conducting  body  (metal)  behaves  like 
a  dielectric  body  of  infinite  dielectric  constant. 

If  the  Nernst- Einstein  relation,  equation  25,  is  valid;  i.e.,  if  the  ccmduct- 
ing  and  diffusing  charge  carriers  are  identical,  and  if  account  is  taken  of  the 
factor  d  in  s  ,  it  is  possible  therefore  to  designate  certain  limiting  con¬ 
ditions.  Thin  films  of  insulators,  especially  at  medivim  to  high  temperature, 
will  show  small  dielectric  consUnts;  examples  are  the  usual  polymeric  in¬ 
sulators.  Thick  samples  of  conducting  material,  especially  at  low  tempera¬ 
tures  should  show  high  dielectric  constants.  A  sample  of  fixed  thickness  be¬ 
ing  raised  in  temperature  will  show  discontinuities  in  the  static  dielectric 
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constant  when  a  new  crystal  form  appears  in  which  the  barrier  energy  to  the 
release  of  carriers  into  the  mobile  state  is  significantly  chai^[ed. 

4.16.3  Frequency  Regions  of  Loss 

Figures  64  -  66  show  the  frequency  regions  in  which  the  maximum  loss  is 
to  be  anticipated.  These  frequency  regions  have  been  determined  in  the  man¬ 
ner  shown  in  Quarterly  Report  No.  3,  paragraph  4.7.4  "Application  - 
Frequency  Regions  Conducive  to  Failure."  Reference  shotild  be  made  to 
figures  31  and  32  of  that  report,  and  the  accompanying  text.  The  cross- 
hatching  shows  the  general  frequency  regions  which  are  important  from  the 
point  of  view  of  heat  dissipation,  for  different  values  of  the  characteristic 
parameters;  i.e. ,  for  different  values  of  specimen  thickness,  temperature, 
and  conductivity.  By  avoiding  such  combinations  of  frequency  and  construc¬ 
tional  and  operational  parameters,  a  minimum  of  power  dissipation  will  re¬ 
sult  in  devices  of  semiconducting  materials. 

To  check  the  predictions  of  the  loss  factor  method,  it  is  also  possible  to 
calculate  directly  the  average  power  in  the  equivalent  circuit.  This  is  done 
in  the  next  paragraph . 

4.16.4  Average  Power 

The  average  power  per  unit  volume  for  the  material  specimen  under  con¬ 
sideration,  to  which  is  applied  an  electric  field  of  the  form  E  (t)  s 

& 

E  sin  ((dt)  is: 
am 

P.V,  * 

This  expression  exhibits  the  nature  of  the  power  absorption  as  the  summation 
of  a  denumerably  infinite  number  of  relaxation  mechanisms,  each  with  its 
characteristic  frequency.  All  have  the  same  frequency  if  conduction  is  the 
only  carrier  action.  In  the  case  of  conduction  only,  the  average  power  is: 
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Figure  65.  Important  Frequency  Regions  of  Loss,  r  «  1 
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Figure  66.  Important  Frequency  Regions  of  Loss 
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where  a  is  defined  as  in  paragraph  4.15.3.1.  The  maximum  power  loss 
occurs  at  a  frequency  of  KD,  for  which  the  phase  lag  is  f/4.  When  diffusion 
accompanies  conduction,  changes  are  brought  into  the  individual  frequencies, 
so  that  the  contribution  of  each  term  of  the  summation  to  the  total  is  de¬ 
creased,  and  the  precise  frequency  of  maximum  loss  changes.  Accordingly, 
the  power  dissipation  for  a  given  frequency  in  the  specimen  of  material  will 
be  temperature  dependent,  as  will  the  frequency  of  maximum  dissipation. 

4.  16.  5  Modes  of  Failure  and  Failure  Processes 

These  results  show  that  during  normal  operation  of  solid  state  devices, 
heat  may  be  generated  through  the  diffusion  component  of  the  device  response. 
Figures  64-66  show  how  frequency  ranges  may  be  determined  in  which  signif¬ 
icant  heat  production  occurs.  By  avoidance  of  certain  design  and  construc¬ 
tion  parameter  values,  the  likelihood  of  failure  from  excessive  heat  produc¬ 
tion  may  be  minimized. 

It  is  also  possible  from  the  equations  to  calculate  the  geometrical  locations 
at  which  heat  production  from  this  cause  will  be  a  maximum.  Since  the 
effects  of  radiation  to  and  from  the  environment  must  also  be  considered  in 
any  specific  case,  this  portion  of  the  development  has  not  been  carried 
further.  If  large  currents  pass  through  the  device,  it  would  be  desirable  to 
consider  one  more  stage  of  approximation  than  that  here  developed;  the  means 
for  doing  this  are  obvious  from  the  above. 

The  various  modes  of  failure  which  may  result  from  such  heat  release, 
such  as  chemical  diffusion,  lead  disengagement,  change  of  beta,  etc,  depend 
upon  the  design  of  the  device,  and  will  not  be  taken  up  further  here. 
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4. 17  FAILURE  IN  THIN  FILMS  AT  BENDS  OR  STEPS  IN  SUBSTRATE 


A  problem  in  the  depoeition  of  thin  films  of  metal  or  semiccmductor  sub¬ 
strates,  particularly  on  insulating  substrates,  is  that  of  the  continuity  of  the 
film  as  it  passes  over  sharp  bends,  steps,  or  other  surface  inequities.  In 
some  cases,  the  film  cracks  and  separates;  in  other  cases  it  separates  from 
the  substrate  without  cracking.  4  Both  effects  may  be  damaging.  Lack  of  ad¬ 
hesion  is  a  separate  problem  requiring  investigation  on  its  own.  The  purpose 
of  the  limited  investigation  undertaken  here  and  reported  below  was  to  identify 
the  causes  of  cracking,  and  to  examine  the  improvement  obtainable  by  certain 
technique  approaches. 

The  films  in  a  thin  film  circuit  are  usually  processed  by  evaporation 
through  a  mechanical  mask  or  by  photoetching.  The  high  surface -to-volume 
ratio  characteristic  of  a  film  can  emphasize  interactions  not  normally  signifi¬ 
cant.  Energy  and  free  energy  considerations  depend  upon  the  topology  of  both 
the  film  and  the  underlying  substrate,  and  may  be  quite  different  from  those 
normally  assumed  for  ideal  flat  faces. 

A  number  of  necessary  techniques  coxmected  with  the  deposition  create 
problems  related  to  failure:  examples  are:  oblique  incidence  in  vacuum 
evaporation,  pinholes  or  their  equivalent  in  thin  films,  and  the  relationship 
of  these  and  other  changes  in  surface  energy  distributions  to  the  kinetics  of 
the  chemical  etching  process.  Primary  emphasis  in  this  study  was  placed 
on  the  discontinuities  associated  with  conductors  crossing  surface  irregu¬ 
larities.  To  obtain  the  maximum  amount  of  information  for  the  ejqierimental 
work  undertaken,  a  model  was  used  which  introduced  differences  in  the 
coordinate  normal  to  the  surface  by  means  of  graduated  step  heights. 


*  "The  opens  occurred  where  evaporated  jumpers  crossed  the  sharp  edges 
of  etched  lines.  An  electropolishing  technique  to  remove  the  sharp  edges 
is  being  developed  to  rectify  the  situation.  "  Planar  Iittegration  of  Thin 
Film  Functional  Circuit  Units,  3rd  Quarterly  Report  Signal  Corps  Con¬ 
tract  DA -36 -039 -SC -87  246,  p.  6,  31  May  1962.  IBM  Command  and  Con¬ 
trol  Center,  Kingston,  New  York. 
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4. 17. 1  Experimental  Procedure! 

4.17.1.1  Deiign 

The  design  of  the  specimen  investigated  was  based  on  an  actual  circuit 
which  exhibited  failure.  This  circuit  was  a  magnetic  film  memory  plane 
having  bits  0.010  inch  wide,  0.040  inch  long,  and  8000  Angstrom  units  high, 
assembled  in  an  array  of  columns  on  0.020*inch  centers,  and  rows  on  0,080- 
inch  centers  (figure  67).  Film  insulation  separated  these  bits  from  conductors 
which  were  contiguous  with  the  surface  of  the  insulation  and  superimposed 
over  the  bits.  These  conductors  were  nrvade  by  {diotoetching  continuous  films 
of  gold.  At  first,  KMER  (Kodak  Metal  Etch  Resist)  was  used  as  insulation, 
but  since  the  solvent  used  to  develop  the  mask  for  conductors  also  attacked 
the  KMER  insulator  slightly,  an  alternate  process  was  developed.  A  compos¬ 
ite  film  of  SiO  and  arsenic  glass^'^  (30  percent  As,  34  percent  S,  36  percent 
Th)  was  tried  as  an  improvement.  This  insulation,  although  eliminating  the 
original  objection  to  the  KMER,  created  a  new  problem,  namely  a  number  of 
conductor  failures  of  undetermined  origin. 

For  control  purposes,  a  pilot  run  prior  to  etching  of  the  multilayer  cir¬ 
cuits  consisted  of  etching  single  layer  films  which  had  been  deposited  on 
glass.  In  contrast  to  the  mviltilayer  circuits,  the  pilot  runs  always  showed 
electrical  continuity. 

Because  of  the  high  incidence  of  failure  for  multilayer  circuits,  the  first 
study  was  of  the  effect  of  step  height  on  the  reliability  of  the  conductor.  Other 
parameters  studied  were  self- shadowing  from  the  evaporation  process  and 
attack  of  the  insxilation  through  pinholes  in  the  conductor  during  the  etching 
process.  Self- shadowing  impedes  deposition,  and  if  insufficient  metal  is  de¬ 
posited  in  the  corners  of  the  step,  a  potential  open  circuit  exists  in  the  con¬ 
ductor.  The  evaporated  glass  can  be  attacked  by  the  etchants,  and  if 

y  McDermott,  P.  S.,  and  E.  R.  Stack,  "Studies  on  the  Vacuum  Deposition 
of  the  Low  Melting  Temperature  Glass  System  of  Arsenic,  Sulfur,  and 
Thallium,  "  I960  Vacuum  Symposium  Transactions,  Pergamon  Press, 
London  (1961). 
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Figure  67.  Design  of  Magnetic  Film  Memory  Plane 


penetration  through  pinholes  in  the  conductor  takes  place,  chemical  attack 
of  the  insulation  can  proceed.  The  alteration  of  the  underlying  layer  then 
can  lead  to  mechanical  failure  of  the  conductors. 

4. 17. 1.  2  Processing  of  Samples 

The  sequence  of  operations,  starting  with  glass  substrates,  consisted  of 
evaporating  a  conducting  film  (figure  67a),  then  electroplating  a  magnetic 
film  (figure  67b)  and  etching  the  magnetic  film  into  rectangles.  Figure  67c 
shows  the  magnetic  film  with  the  KMER  mask  before  etching  and  figure  67d 
shows  the  film  after  etching.  An  insulating  film  was  then  applied  (figure  67e). 
Conductors  were  formed  on  top  of  the  insulation  by  one  of  the  processes  indi¬ 
cated.  Figure  67f  shows  the  substrate  with  a  conducting  layer  evaporated  over 
the  insulation.  Depending  on  the  orientation  of  the  bit  pattern,  this  layer  was 
etched  into  either  the  pattern  shown  in  figure  67g  or  tiiat  in  figure  67h.  Figure 
67h  was  taken  from  the  bottom  of  the  substrate  and  shows  how  the  conductors 
covered  the  bits.  An  example  of  the  conductor  evaporated  through  a  mask  is 
shown  in  figure  67i. 

4.17.1.3  Plating 

Etched  conductors  and  substrates  without  magnetic  bits  yielded  completely 
reliable  conductors.  To  investigate  the  first  parameter,  a  step  height  was 
introduced  in  the  plating  process.  Films  were  plated  to  thicknesses  of 
12,000,  8000,  and  1500  Angstroms. 

4.17.1.4  Insulation 

By  dividing  the  total  number  of  slides  into  three  groups  and  using  one  of 
each,  three  different  types  of  insulation  were  used  in  the  study. 

On  the  first  third  of  the  slides  from  each  thickness  group,  SiO  was  evap¬ 
orated  while  the  slides  were  rotated  at  3  rpm  at  45  degrees  to  the  source  of 
vapor.  This  angle  was  chosen  to  obtain  a  maximum  amount  of  filling  of  the 
step  junction. 


The  second  third  of  the  slides  was  given  two  coatings  of  spwn-on  KMER  as 
its  insulating  layer.  The  last  third  was  given  an  SiO  layer  while  positioned 
normal  to  die  vapor  source.  On  both  of  the  SiO  insulator  slide  groups,  a 
final  covering  layer  of  the  low  temperature  glass  was  evaporated  to  improve 
the  adhesion  of  the  gold  to  the  SiO. 

4. 17. 1.  5  Conductors 

For  conductor  application,  the  slides  were  divided  into  three  groups,  each 
containing  at  least  two  slides  from  each  of  the  above  permutations.  In  the 
first  group,  the  slides  were  positioned  normal  to  the  vapor  source  for  the 
gold  evaporation. 

For  the  second  group,  six  gold  sources  were  positioned  uniformly  around, 
and  approximately  6  inches  below  the  substrates.  The  sources  were  evapor¬ 
ated  one  at  a  time  to  simulate  a  rotation  technique,  while  holding  the  sub¬ 
strates  still.  The  rotating  substrate  technique  used  for  SiO  could  not  be  used 
because  the  desired  gold  thickness  required  separation  between  substrates 
and  source  to  be  as  small  as  possible.  If  the  substrates  were  placed  in  a 
holder  positioned  at  an  ai^le  to  the  vapor  source,  one  side  of  the  holder 
would  be  two  to  four  times  as  far  from  the  source  as  the  other  side.  Also, 
because  of  the  small  spacing  between  the  boat  and  substrates,  self-shadowing 
would  still  exist. 

The  conductors  of  the  third  group  of  slides  were  evaporated  through  a 
mask  made  by  photoetching  thin  sheet  iron.  Shadowing  was  minimised  by 
magnetically  tightening  the  masks  against  the  substrate.  The  comluctor 
length  required  limiting  the  number  of  conductors  per  slide  to  three.  The 
three  lines  were  so  spaced  that  the  mask  could  be  used  with  either  orienta¬ 
tion  of  the  bit  pattern.  Figures  67d  and  67e  show  these  two  bit  pattern 
orientations. 


4. 17.  2  ObiTvatiom  and  ConclmioM 
4. 17. 2. 1  Adhesion  of  Insulation 

The  SiO  deposited  at  45  degrees  to  the  vapor  source  showed  poor  adlMsion; 
this  was  not  observed  on  the  samples  in  which  the  deposition  surface  was  nor¬ 
mal  to  the  vapor  beam.  Where  the  adhesion  was  poor,  the  difficulty  was 
overcome  by  ion  bombardment  of  the  substrate  after  the  SiO  source  was  out- 
gassed. 

4. 17.  2.  2  Failures 

Approximately  10  percent  of  the  slides  uhich  passed  the  previous  tests 
failed  because  a  contaminated  gold  evaporation  caused  poor  initial  adherence. 
Another  10  percent  failed  during  etching  because  of  faulty  conductor  nnasking. 

No  failures  were  observed  from  conductor  discontinuity  over  a  step  edge. 
Apparently  step  height,  oblique  incidence,  and  attack  of  the  insulator  by  etch¬ 
ing  were  not  significant  parameters  in  the  failures  observed  earlier. 

In  the  contaminated  evaporation,  a  failure  of  adhesion  between  gold  and  in- 
svilator  occurred.  The  gold  layer  cracked  and  curled  away  from  the  bits  at 
their  edges. 

In  an  extreme  case  of  poor  adhesion,  the  stress  is  maximum  at  the  bit 
edge,  and  failures  would  be  expected  to  initiate  there.  With  good  adhesion, 
cracks  at  step  edges  are  not  observed.  If  no  steps  are  included,  the  maxi¬ 
mum  stresses  at  step  edges  are  avoided,  and  therefore  the  circuits  should 
show  fewer  failures.  This  was  true  of  the  KMER  insulated  circuits,  and  the 
controls  with  no  bits. 

The  tentative  conclusions  may  be  drawn  that,  \mder  the  circumstances  of 
the  present  experiment,  failure  is  primarily  due  to  poor  adhesion  between 
gold  and  SiO  arsenic  glass  layer,  and  that  parameters  such  as  step  height, 
oblique  incidence,  or  attack  of  insxilator  by  the  etchant  are  of  secondary  im¬ 
portance. 
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4. 18  MULTIPLE4>ARAMETER  TRANSISTOR  TRANSIENT  OVERLOAD 
STUDY 

In  the  study  of  failed  components  described  in  paragraph  4. 1,  it  was  foowi 
that  a  substantial  number  of  transistor  failures  during  the  manufacture  and 
testing  of  two  data  processing  systems  occurred  as  a  result  of  shorts  be> 
tween  emitter  and  collector  in  one,  and  between  emitter  and  base  in  the 
other.  To  understand  this  difference,  a  limited  study  was  performed  to  ex> 
plore  the  effect  of  voltage  and  power  stresses  on  transistor  performance  in 
terms  of  the  effect  of  a  particular  stress  on  device  parameters. 

4. 18. 1  Transistors  Used  ao.d  Experiment  Design 

The  transistors  included  in  the  test  were  chosen  from  those  representative 
of  the  best  available  transistors  on  the  market  by  the  standards  appropriate 
to  their  use  in  military  systems.  Selection  was  based  on  the  fact  that  a  large 
number  of  the  existing  transistorized  airborne  systems  in  present  use  utilize 
silicon  grown  jiinction  and  grown  diffused  transistors.  On  the  other  hand, 
systems  now  in  design  or  in  early  stages  of  production  contain  silicon  dif¬ 
fused,  mesa,  planar,  and  epitaxial.  In  all,  46  silicon  n-p-n  samples  were 
chosen  which  include  these  different  processing  techniques,  thus  represent¬ 
ing  devices  in  present  and  future  use.  The  samples  also  represent  five 
major  semiconductor  manufacturers. 

Thirteen  parameters  were  measured  on  the  test  samples  and  used  as 
references  for  the  post-stress  tests.  These  parameters  include  breakdown 
voltages  and  leakage  currents  of  each  junction,  the  small  signal  "h"  param¬ 
eters  and  high  frequency  beta.  Each  transistor  was  OMasured  for  pre- 
and  post-stress  readings  with  the  same  individual  items  of  freshly  calibrated 
test  equipment. 

Ten  transistors,  including  two  from  each  process  type,  were  subjected  to 
each  of  six  stress  tests.  Thirty-two  devices  were  submitted  to  only  <me 
test.  The  remaining  fourteen  were  submitted  to  two  tests;  post-stress 
readings  for  the  second  test  were  compared  to  the  post-stress  readings  for 
the  preceding  test  to  determine  the  extent  of  parameter  change. 


Teita  No.  1  through  4  applied  a  voltage  atres*  to  tiie  tranaiatora  on  a 
pulae  baaia  with  the  devicea  operating  in  a  manner  cloaely  aimulating  actnal 
circuit  conditiona. 

Teat  No.  5  applied  a  power  atreaa  to  the  tranaiatora  operating  at  maxi> 
mum  power  while  Teat  No.  6  atreaaed  only  one  junction  at  a  100-percent 
duty  cycle. 

4. 18.  2  Typea  of  Overload  and  Teat  Meaaurementa 

Figure  68  ahowa  the  circuita  uaed  in  the  teata  deacribed  below. 

4.18.2.1  Teat  No.  1 

The  tranaiatora  were  operated  in  the  common-emitter  configuration  with 

the  power  aupply  voltage  aet  at  approximately  three  time  a  the  meaaured 

BV  as  recorded  in  tables  8  and  9.  The  devices  were  biased  such  that 
ceo 

the  collector -to -emitter  voltage  was  equal  to  approximately  one -half  of  the 

BV  value  and  the  dissipation  was  equal  to  approximately  one -half  the 
ceo 

manufacturer's  recommended  maximum  powe-’  rating. 

The  amount  of  current  the  transistors  sustained  during  breakdown  was 
determined  by  the  size  of  the  collector  resistor  and  the  device  itself.  The 
range  of  currents  during  breakdown  was  1  to  3  milliamperes.  A  relatively 
low  impedance  appears  between  the  base  and  emitter  of  the  transistor  because 
of  the  pulse  generator  at  the  input.  Therefore,  during  off  time  the  base -to - 
emitter  appears  relatively  shorted  so  that  the  high  voltage  pulse  on  the  col¬ 
lector  appears  across  the  collector-to-base  junction.  Essentially,  the  col¬ 
lector -to -emitter  voltage,  base -to -emitter  shorted,  is  seen  at  the  collector 
which  is,  in  effect,  the  collector-to-base  voltage,  emitter  open.  The  col¬ 
lector  voltages  measured  with  an  oscilloscope  during  the  off  time  verify  this 
fact.  Test  No.  1  was  run  for  4  consecutive  hours. 

4.  18.  2.  2  Test  No.  2 

Operating  conditions  for  this  test  were  identical  to  those  described  above 
for  Test  No.  1,  including  the  use  of  the  pulse  generator  to  turn  the  transistor 
off  and  allow  the  collector’  voltage  to  see  the  power  atqpply  voltage.  The 
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Figure  68.  Streio  Test  Circuits 


pulse  widths  were  between  10  and  100  psec,  depending  on  the  device,  and  the 
frequency  was  60  cps. 

The  purpose  of  this  test  was  to  aiqdy  high  voltage,  short  duration  pulses 
across  the  collector -to -emitter  junctions.  To  accomplish  this,  a  p-n-p  fast 
switching  transistor  was  used  to  drive  the  test  samples  so  that,  with  a  posi¬ 
tive  pulse  into  the  base  of  the  p-n-p  which  would  turn  it  off,  a  high  impedance 
would  appear  between  the  base  and  emitter  of  the  test  device,  thus  effectively 
appearing  as  an  open  base.  The  collector  voltage  seen  would  then  be  de¬ 
termined  by  the  collector-to-emitter,  base  open,  breakdown  voltage  of  the 
individual  transistors. 

The  currents  sustained  by  the  various  transistors  were  limited  to  a  range 
of  1  to  15  milliamperes  during  breakdown. 

This  test  was  conducted  for  12  hours  at  a  pulse  width  of  10  microseconds 
on  the  planar,  grown  diffused  and  epitaxial  mesa  transistors  and  for  4  hours 
at  100  microseconds  and  18  hours  at  50  microseconds  on  the  grown  junction 
and  diffused  mesa  transistors. 

4. 18.  2.  3  Test  No.  3 

The  purpose  of  this  test  was  to  apply  high  voltage,  short  duration  pulses 
to  the  base -to -emitter  junction  in  the  reverse  direction,  thus  attempting  to 
simulate  hard  turn-off  conditions  or  high  voltage  transients  which  may  be 
encountered  in  equipment  switching  circuitry.  The  transistors  were  again 
operated  as  described  above  except  that  the  power  supply  was  set  to  a  low 
voltage  such  that  during  turn-off  no  breakdown  of  the  junction  would  occur. 

With  the  transistors  biased  on,  the  pulse  generator  applied  a  30 -volt 
negative  pulse  to  the  bases  of  the  transistors  at  a  frequency  of  60  cps.  The 
pulse  width  was  1  microsecond. 

All  transistors  subjected  to  this  test  have  a  base-to-emitter  reverse 
breakdown  voltage  of  less  than  30  volts  so  that  during  the  turn-off  pulse, 
each  transistor  base-to-emitter  junction  was  broken  down.  The  current  was 
limited  to  a  range  of  2  to  25  milliamperes  depending  on  the  device. 

This  test  was  run  for  20  hours. 
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4.18.2.4  Test  No.  4 

With  the  transietore  operating  ae  described  in  Test  No.  3,  a  positive 
30«volt  1 -microsecond  pulse  was  applied  to  the  bases  of  the  transistors  at  a 
frequency  of  60  cps. 

The  purpose  of  this  test  was  to  simulate  excessively  hard  turn-on  condi¬ 
tions  of  high  voltage  transients  which  may  appear  in  switching  circuitry. 

Forward  current  during  the  positive  pulse  varied  from  4  to  45  milli- 
amperes. 

The  test  samples  were  subjected  to  20  hours  of  this  type  of  voltage  stress 
ing. 

4.18.2.5  Test  No.  5 

The  purpose  of  this  test  was  to  determine  the  effects  of  dissipating  an 
amount  of  power  equal  to  or  greater  than  the  manufacturer's  recoxxunended 
maximum  power  rating  during  breakdown  and  while  the  junction  is  at  its 
maximum  temperature  due  to  operation  at  mcucimum  rated  power. 

With  the  power  supply  set  at  a  voltage  equal  to  approximately  three  times 

the  measured  BV  •  the  transistors  were  operated  at  their  maximum  rated 
ceo 

power.  Collector -to -emitter  voltage  was  set  at  approximately  one-half  of 
the  measured  BV  .  A  p-n-p  fast  switching  transistor  was  used  to  drive 
the  test  samples  as  in  Test  No.  2.  Thus,  the  collector -to-emitter,  base 
open  voltage  was  again  seen  at  the  collector  during  the  turn-off  time. 

This  stress  test  was  conducted  for  20  hours  at  a  frequency  of  30  cps 
and  a  pulse  width  of  approximately  5  milliseconds  for  a  duty  cycle  of  ap¬ 
proximately  15  percent. 

4.  18.  2.6  Test  No.  6 

The  purpose  of  this  test  was  to  determine  the  effect  of  prolonged  reverse 
emitter-to-base  breakdown  at  low  levels  of  current. 

With  the  collector  of  the  transistors  open,  a  reverse  bias  was  appUed  to 
the  base -emitter  junction.  This  reverse  bias  exceeded  the  reading 

as  recorded  in  the  initial  data.  Current  was  limited  to  ai^roximately  1 
milliampere. 
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Time  duration  lor  this  test  was  20  hours. 

4. 18. 3  Test  Results 

The  first  stress  test,  in  which  the  collector -to -base  junctions  were  sub¬ 
jected  to  short  duration,  high  voltage  pulses,  produced  significant  changes 
( percent)  in  the  low  frequency  h^^  of  four  of  the  five  process  types 
tested.  In  addition,  the  two  epitaxial  units  exhibited  collector -to -base 
junction  degradation.  On  one  device  the  degraded  to  less  than  50  per¬ 
cent  of  its  initial  reading  while  on  the  second,  the  leakage  near  the 

breakdown  knee,  increased  from  290  to  405  na  (nanoamperes).  One  each  of 
the  planar  and  grown  junction  devices  and  both  of  the  grown  diffused  devices 
had  no  significant  change  in  parameters. 

The  second  stress  test,  in  which  short  duration,  high  voltage  pulses  were 

applied  to  the  collector -to -emitter  junction,  produced  the  most  significant 

changes  in  leakage  characteristics.  One  of  the  mesas  exhibited  an  increase 

of  400  na  in  I  .  .  while  the  other  had  an  increase  of  300  na  in  I  .  . .  A 
cbo*  cbo* 

grown -diffused  unit  exhibited  extreme  degradation  of  and  by 

several  orders  of  magnitude.  One  grown  junction  had  a  change  of  290  in  its 
h^^  parameter.  No  significant  parameter  changes  were  noted  in  one  grown- 
diffused,  one  grown  junction,  both  planars  and  both  epitaxial  mesas. 

The  base -to -emitter  junctions  were  subjected  to  short  duration,  hign 
reverse  voltage  pulses  in  Test  No.  3.  There  were  no  significant  changes  in 
parameters  for  one  each  of  the  mesa,  grown -diffused,  and  grown  junction 
types.  The  planars  and  epitaxial  mesas  also  exhibited  no  changes.  One 
mesa  device  had  an  increase  of  13  percent  in  low  frequency  h^^  while  a  grown 
junction  unit  had  a  decrease  of  12  percent  in  the  same  parameter.  There 
was  a  significant  drop  in  of  20  percent  on  one  grown-diffused  unit. 

Test  No.  4  was  identical  to  Test  No.  3  except  that  now  the  base-emitter 
diode  was  stressed  in  the  forward  biased  direction.  All  devices  tested,  with 
the  exception  of  one  grown  junction  unit,  exhibited  significant  changes  of  one 
or  more  parameters.  The  mesa  units  degraded  orders  of  magnitude  in 
^cbo*’  ^ceo’  ^ceo*  frequency  h^^  of  20  percent  on  one 
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unit.  The  planar*  and  one  epitasdal  unit  exhibited  high  frequency  h^^  fall -off 
greater  than  10  percent.  The  other  epitaxial  had  an  increase  in  low  fre¬ 
quency  of  15  percent  in  addition  to  an  order  magnitude  increase  in 
Both  grown-diffused  unit*  also  suffered  significant  increases  in  the  collector- 
to-base  and  collector -to -enfitter  leakage  parameters.  The  other  grown 
junction  device  had  a  low  frequency  h^^  drop  of  17  percent. 

The  fifth  stress  test  in  which  excessive  power  was  dissipated  for  short 
time  periods  produced  parameter  changes  in  all  but  one  grown  junction  de¬ 
vice.  increased  orders  of  magnitude  on  both  mesas  and  one  planar. 

This  same  planar  unit  had  a  drop  in  high  frequency  h^^of  16  percent  while 
the  other  planar  also  had  a  16  percent  drop  in  the  same  parameter  in  addition 
to  a  low  frequency  h^^  fall -off  of  11  percent.  Both  epitaxial  imits  and  one 
grown-diffused  unit  also  had  orders  of  magnitude  increase  in 
frequency  h^^  decreased  by  27  and  13  percent  respectively,  for  the  grown 
diffused  types.  The  grown  junction  unit  that  was  affected  exhibited  an  in¬ 
crease  of  30  percent  in  low  frequency  h^^  and  23  percent  in  high  frequency 


Test  No.  6  which  continuously  stressed  the  base -to -emitter  junctions  in 
the  reverse  direction  at  1  milliampere,  and  therefore  at  a  very  low  power 
level,  significantly  affected  the  h^^  of  all  devices  tested.  One  mesa,  both 
planars,  and  both  epitaxials  suffered  decreases  of  10  to  24  percent  in  high 
frequency  h^^.  The  most  significant  change  was  exhibited  by  the  epitaxial 
mesas  and  the  least  significant  by  the  mesa.  The  other  mesa  device,  both 
grown-diffused  devices,  and  both  grown  junction  devices  exhibited  decreases 
in  low  frequency  h^^  of  from  12  to  25  percent.  The  most  significant  decrease 
was  for  a  grown  diffused  unit  (25  percent)  and  the  least  significant  was  for  the 
mesa  (12  percent). 

4. 18.  4  Analysis  of  Results 

In  all  of  the  stress  tests  performed,  the  most  sensitive  parameters  for 
all  types  appear  to  be  h^^  and  the  collector  leadcage  current  near  the  break¬ 
down  knee.  Voltage  degradation  resulted  in  only  one  junction,  collector-to¬ 
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base,  on  only  two  devices.  The  only  other  parameter  affected  significantly 
w..  .maU  «»„«  volu*.  ««.£«  raHo,  on  on.  gro« 

junction  device. 

It  is  believed  that  those  devices  in  which  the  collector  leakage  current 
near  the  knee  was  most  affected  by  a  particular  stress  suffered  some  altera¬ 
tion  of  the  crystalline  structure  of  the  semiconductor  near  the  surface.  Both 
the  collector  depletion  area  auid  the  surface  provide  most  of  the  leakage  cur¬ 
rent  near  the  knee.  However,  since  any  effects  on  the  collector  depletion 
area  would  affect  the  high  frequency  h^^  to  some  extent,  the  greatest  con¬ 
tribution  to  leakage  in  this  case  would  appear  to  be  surface  leakage. 

Low  frequency  h^^,  which  is  a  product  of  emitter  efficiency,  base  trans¬ 
port  factor,  and  collector  multiplication  factor  would  be  affected  by  *10 
percent  if  any  one  of  these  factors  changed  by  0.  2  to  0.  3  percent. 

High  frequency  h^^  would  change  significantly  if  either  the  collector 
depletion  area  and/or  the  emitter  transition  area  were  altered. 

During  Tests  No.  1  and  2,  varying  pulse  widths  were  required  to  allow 
a  device  to  see  the  supply  voltage  during  the  turn-off  period.  Devices  with 
a  fast  response  time,  such  as  planar  and  epitaxial  types,  would  see  the  sup¬ 
ply  voltage  during  a  10 -micro second  turn-off  pulse.  The  other  types  required 
up  to  a  50 -microsecond  turn-off  pulse.  A  high  frequency,  high  speed  switch¬ 
ing  type  of  transistor,  therefore,  would  see  a  voltage  trMSient  of  short 
duration,  while  some  of  the  slower  transistor  types  would  see  no  transient 
because  they  could  not  respond  fast  enough. 

Test  No.  3  and  6  are  similar  tests  except  that  the  former  is  pulsed  and 
the  latter  steady  state.  Little  or  no  change  in  parameters  occurred  follow¬ 
ing  Test  No.  3.  In  fact,  the  planar  and  epitaxial  units  exhibited  no  signifi¬ 
cant  changes  whatsoever.  Test  No.  6,  on  the  other  hand,  produced  changes 
in  h^^  on  every  device  tested  but  no  significant  change  in  any  other  param¬ 
eter.  Every  device  was  affected;  steady  state  back  biasing  of  the  base- 
emitter  junction  in  the  breakdown  region  affects  the  h^^  of  the  device. 

Pulsed  operation  of  the  base -emitter  junction  in  the  breakdown  region  ap¬ 
parently  has  little  or  no  effect. 
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Generally,  it  can  be  concluded  that  voltage  stressing  and  power  stressing 
(Test  No.  5)  produce  roughly  the  satne  results;  i.e.,  order  of  magnitude 
increase  in  collector  leakage  current  near  the  reverse  breakdown  knee,  and 
significant  changes  in  either  low  frequency  h^^  or  high  frequency  h^^.  Only 
continuous  operation  in  the  reverse  breakdown  region  appears  to  give  charac¬ 
teristic  changes  in  a  particular  parameter.  No  other  test  produced  identi¬ 
fiable  results. 

The  planar  type  appears  least  affected  by  the  various  tests  and  only  h^^ 
appears  sensitive  at  all.  Mesa  and  grown-diffused  types  appeared  most 
affected  by  all  stress  tests. 

The  more  severe  stress  appears  to  be  caused  by  high  voltage  turn-on 
pulsing  (Test  No.  4),  excessive  power  dissipation  in  the  collector  breakdown 
region  (Test  No.  4),  and  continuous  operation  in  the  reverse  breakdown 
region  of  the  emitter-base  junction  (Test  No,  6). 
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4. 19  HIGH  ENERGY  RADIATION  INDUCED  FAILURE  IN  THE  SOLID 
STATE  -  STUDY  OF  FERRITES  USING  m5SSBAUER  EFFECT 

4. 19. 1  Introduction 

The  MSscbauer  spectra  were  obtained  for  hexagonal  ferrites  with  the 
magnetoplumbite  structure  and  also  for  yttrium  iron  garnet.  Samj^es  of  the 
hexagonal  ferrites  were  studied  both  in  powdered  form  and  in  oriented  sin¬ 
tered  discs,  for  two  differetit  divalent  ions,  and  in  one  case  over  a  range  of 
temperatures.  The  spectra  of  the  hexagonal  ferrites  revealed  two  hyperfine 
fields,  as  also  observed  in  garnet.  Tentative  assignments  of  ions  to  sets 
corresponding  to  the  observed  fields  were  made. 

Selected  samples  were  subjected  to  intense  electron  bombardment  up  to  a 
maximum  dose  of  10^^  rads.  There  were  no  systematic  changes  in  the 
M&ssbauer  spectra  of  these  after  irradiation.  This  and  magnetic  measure¬ 
ments  confirm  that  there  were  no  gross  changes  in  chenoical  structure,  so 
that  any  failure  mechanisms  introduced  by  the  radiation  must  have  been  of  a 
lower  order  than  gross  structural  mechanisms. 

4. 19. 1 . 1  Purpose  of  Work 

Ferrites  are  magnetic  materials  derived  from  oxides  of  iron  which  are 
of  increasing  technical  importance.  Because  of  their  very  low  conductivity 
compared  to  the  more  conventional  metad  magnetic  materials,  they  have 
.  j  found  wide  application  in  high  frequency  circuits  and  computer  memories. 

In  most  studies  of  the  effects  of  radiation  upon  magnetic  materials,  the 
magnetic  properties  are  measured  before  and  after  irradiation.  This  infor¬ 
mation  is  of  immediate  practical  value,  but  it  is  not  necessarily  useful  in 
learning  about  the  basic  changes  in  the  chemical  structure  at  the  material. 
Particularly  in  the  case  of  ferrites,  which  are  ferrimagnetic,  it  may  be 
difficult  to  infer  the  nature  of  the  structural  changes  from  the  macroscopic 
magnetic  measurements  which  reflect  only  the  net  resultant  of  the  two  opposed 
internal  magnetic  fields. 

It  is  forttmate  that  of  all  the  elements  which  display  the  Mbssbauer  effect, 
iron  is  in  practice  the  most  convenient  to  study.  From  the  Mossbauer 
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spectrum  of  a  ferrite  sample,  one  may  determine  a  measure  of  each  internal 
field  individually,  so  that  if  changes  in  the  macroscopic  magnetic  properties 
occur  it  should  be  possible  to  properly  rels^e  them  to  the  changes  in  chemical 
structure.  For  any  given  set  of  iron  ions  which  yield  an  absorption  line  (or 
set  of  absorption  lines),  the  Mbssbauer  spectrum  reveals  not  oxily  a  measure 
of  the  local  internal  field,  but  also  a  measure  of  the  electric  field  gradient 
(which  produces  a  quadrupole  interactioxO*  addition  a  measure  of  the 

electron  density  which  is  in  turn  an  indication  of  the  valence  of  the  ion. 

The  purpose  of  this  work  was  to  study  the  radiation  induced  changes  in 
ferrites  by  means  of  the  Mbssbauer  effect.  In  addition,  the  examination  of 
the  undamaged  samples  itself  was  novel  and  so  contributed  to  our  imderstand- 
ing  of  the  ferrite  structure.  Finally,  the  work  can  be  considered  a  pilot 
study  in  the  applicability  of  this  new  technique  to  the  study  of  iron  containing 
electronic  materials. 

4. 19. 1. 2  Materials  of  Interest 

Of  the  wide  variety  of  ferrites  available  with  which  to  begin  the  work,  two 
kinds  of  samples  were  chosen:  (1)  simple  hexagonal  ferrites  of  the  magneto- 
pliunbite  structure,  and  (2)  yttrium  iron  garnet,  and  of  these  the  most  work 
was  done  on  1.  These  samples  were  not  chosen  on  the  basis  of  previous 
radiation  damage  studies  which  have  indeed  been  very  meager,  but  for  otiier 
reasons  as  discussed  below.  The  spinel-type  ferrites,  on  which  there  have 
been  a  number  of  radiation  studies,  had  also  been  the  subject  of  Mbssbauer 
studies.  Aside  from  Fe^O^  itself  (reference  7)  there  was  some  indication 
(reference  8)  that  the  Mbssbauer  spectra  were  broad  lines  and  not  readily 
interpretable.  On  the  other  hand,  the  yttrium  iron  garnet  was  the  subject 
of  two  Mbssbauer  studies  (references  9  and  10)  which  were  more  successfully 
interpreted.  Another  reason  for  our  interest  in  garnet  was  that  it  was  a 
more  timely  material,  more  on  the  forefront  of  technology.  The  hexagonal 
ferrites  were  of  interest  for  the  same  reason,  especially  with  reference  to 
their  usefulness  in  computer  memories,  although  previously  there  were 
little  radiation  danoage  data  and  no  Mbssbauer  data.  An  additional  quality  of 
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the  hexagonal  ferritee  wai  their  capability  to  be  made  into  oriented  samples 
which,  Ida  to  single  crystals,  greatly  clarified  the  interpretatima  of  their 
spectra. 

4. 19. 1 . 3  Radiation  Studies 

Magnetic  materials  are  generally  regarded  as  having  good  radiation  re¬ 
sistance,  being  far  superior  to  organic  materials  and  to  semiconductors, 
and  almost  in  the  same  class  as  structural  metals  and  ceramics.  A  vast 
amount  of  literature  is  available  on  radiation  damage  to  semiconductors  and 
organic  materials  because  of  their  great  susceptibility  to  damage.  At  the 
other  end  of  the  scale  there  is  also  a  vast  amount  of  literature  available  on 
damage  to  metals  and  ceramics  because,  despite  their  resistance,  they  are 
damaged  by  the  severely  high  fluxes  to  which  they  are  subjected  when  used  as 
structural  materials  in  nuclear  reactors.  Because  magnetic  materials  with 
their  superior  resistance  rarely  have  to  be  subjected  to  such  severe  environ¬ 
ments,  there  has  not  been  a  great  demand  for  radiation  damage  studies. 

Such  studies  of  ferrites  are  so  few  and  scattered  that  one  cannot  even  pro¬ 
fitably  review  the  field  in  order  to  make  generalisations. 

In  a  recent  study,  Taimuty  and  Mills  exposed  a  variety  of  commercial 
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ferrites  to  fast  neutron  doses  of  10  to  10  nvt.  The  observed  changes  in 
the  various  magnetic  properties  were  snnall,  not  necessarily  monotonic  with 
dose,  and  prompted  the  conclusion  that  the  operation  of  devices  incorporating 
these  materials  would  not  be  significantly  affected  within  fiiis  dose  range. 

For  the  most  part,  the  more  significant  changes  could  be  ascribed  to  the 
formation  of  structural  defects  which  interfere  with  domain  wall  motion  dur¬ 
ing  the  magnetization  process.  However,  there  was  an  anomolous  increase 
in  small  signal  permeability  in  Mg-Mn  ferrites  at  low  doses  which  suggested 
that  a  significant  transfer  of  Mg  ions  into  tetrahedral  sites  occurred  in  the 
thermal  spikes. 

Additional  evidence  for  site-interchange  upon  irradiation  has  been  cited 

by  other  authors.  Moss,  et  al.  (reference  12)  found  an  increase  of  10  percent 
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in  saturation  magnetisation  in  a  nickel  ferrite  exposed  to  3  x  10  nvt.  At 
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the  aame  dote,  there  was  a  decrease  of  14  percent  in  the  saturation  mag- 

netisati«a  of  YIG  (yttrium  iron  garnet).  Schindler  (reference  13)  reported  that 
18 

after  6.3  x  10  nvt  there  was  a  decrease  of  15  percent  in  the  saturation 
magnetization  of  a  commercial  ^*30^  composition,  which  he  attributed  in 
part  to  oxidation.  However,  he  reported  no  decrease  in  garnet  and  some 
other  ferrites.  It  has  been  reported  (reference  15)  that  after  4  x  10^^  nvt  the 
open  circuit  induction  of  a  barium  ferrite  (such  as  the  hexagonal  ferrites  re¬ 
ported  on  in  this  paper)  was  reduced  63  percent  (oriented  sample)  and  54 
percent  (nonoriented). 

In  contrast,  other  work  has  indicated  that  the  predominant  chsmges  are  in 

the  dynamic  rather  than  d-c  properties.  For  instance,  Gordon  and  Sery 
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(reference  15)  reported  that  a  nickel  ferrite  exposed  to  2.7  x  10  nvt  showed 

no  change  in  d-c  properties,  but  an  increase  of  50  percent  in  the  core  loss  at 

50  kc  (worse  at  higher  frequencies).  Schindler  (reference  13)  also  reported 

cases  of  up  to  100  percent  increase  in  coercive  force  in  various  ferrites 
18 

eiqposed  to  6.3  x  10  nvt.  These  materials  had  shown  no  change  in  Curie 
temperature  indicating  that  there  were  no  gross  changes  in  structure. 

The  work  cited  above  involved  neutron  irradiation  in  all  cases.  An  in¬ 
vestigation  (reference  6)  at  Westinghouse  Central  Research  Laboratories 
was  carried  out  by  the  Magnetics  Development  Laboratory  (in  part  using  the 
facilities  of  the  author's  laboratory)  in  which  neutron  irradiation  was  the 
principal  means  of  damage  and  samples  were  observed  for  changes  in  mag¬ 
netostriction  and  anisotropy.  In  addition,  some  irradiations  were  made  with 
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2  Mev  electrons  up  to  an  integrated  flux  of  1 . 3  x  10  /cm  in  which  positive 
indications  of  damage  were  observed  in  some  cases.  This  suggested  that 
electron  irradiation  might  be  tried  first  in  the  present  investigation,  since 
neutron  irradiation  would  introduce  additional  problems  in  the  MSssbauer 
measurement  due  to  induced  radioactivity . 

The  preceding  discussion  of  some  of  the  present  radiation  damage  data 
on  ferrites  indicates  that  many  problems  could  be  clarified  by  measurements 
di  the  relative  populations  of  each  kind  of  crystal  site  and  the  magnetisation 
per  ion  in  each  kind  of  site .  This  is  the  information  obtainable  from  the 
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Mdatbauer  apectrum.  Specifically  the  magnitude  of  the  Steeman  aj^ittibg  ia 

a  meaauve  of  the  magnetiaation  per  ion.  and  the  line  intenaity  for  uy  given 

aet  of  linea  ia  a  meaaure  of  the  pc^latima.  In  additioti,  aa  noted  earUar»; 

the  poaUion  of  the  aet  ia  a  meaaure  of  vadence  and  the  dtaaymmetry  a  naaaa* 

ure  of  the  electric  field  gradient  at  tihte  aite.  It  ahouid  be  noted  that  in  thoae 

caaea  where  changea  in  magnetic  propertiea  are  primarily  attributable  to 

defecta  which  interfere  with  domain  wall  motion,  there  may  be  little  or  no 

change  in  the  MSaabauer  apectrum,  becauae  only  a  very  email  fraction  at 

the  abaorbing  nuclei  may  be  involved  in  auch  structural  defecta. 

4. 19. 1.4  Principles  of  the  MSssbauer  Effect  and  Its  Measurement 
(reference  16) 

Just  as  the  emission  and  absorption  of  light  quanta  by  atoms  are  just 

inverse  resonant  processes,  so  it  was  expected  that  nuclear  ganuna  rays 

should  also  undergo  resonant  absorption.  Such  an  absorption  process  was 

sought  for  many  years  without  success  until  Rudolf  Mdssbauer  demonstrated 

191 

it  in  1958  in  the  case  of  Ir  From  the  wealth  of  invest^fations  which 
followed,  one  can  now  elucidate  the  conditions  required  to  carry  out  useful 
experiments  in  resonant  gamma  ray  absorption. 

The  main  reason  that  resonance  absorption  was  not  seen  earlier  was  that 
the  emitted  photon  gives  up  some  of  its  energy  to  the  recoiling  nucleus  and  is 
thus  "detuned"  from  resonance.  It  is  now  understood  that  if  the  emitting 
nucleus  is  in  a  solid  lattice  there  is  a  finite  probability  of  enoission  of  a  re¬ 
coilless  photon.  The  fraction,  f,  of  emissions  which  are  recoilless  is  given 
(reference  18)  by: 


whar*  is  the  gamma  ray  energy,  T  the  absolute  temperature,  $  the  Debye 

temperature,  K(  the  mass  of  the  recoiling  atom,  e  the  velocity  of  ligltf ,  k 

Boltimann's  constairt,  and  x  a  dummy  variable.  In  the  ease  of  iron  metal  for 

which  I  ^  420*K,  f  ^  0. 8  at  room  temperature.  In  the  case  of  ferrites  which 

have  high  8,  f  is  closer  yet  to  unity  at  room  temperature.  One  can  see  from 

equation  70  that  the  chance  of  observing  the  Mossbauer  effect  in  any  substance 

is  increased  if  is  small  (~  100  Kev  is  an  upper  limit  for  convenience),  if 

M  is  large,  and  if  8  is  high.  This  means  it  is  favored  in  "hard"  metals  and 

alloys,  oxides,  most  salts,  and  glasses.  It  would  be  less  favored  in  molecular 

crystals  of  covalent  compounds,  and  has  never  been  obtaixied  in  liquids. 

The  energy  dependence  of  the  recoilless  gamma  rays  is  determined  by  the 

uncertainty  principle,  the  line  width  being  greater  the  shorter  the  half  life  of 
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the  excited  state.  In  the  case  of  Fe  ,  the  nuclide  of  interest  in  this  work, 

-8 

the  line  width  is  ~  10  ev.  As  will  be  seen,  this  is  a  vary  convenient  value. 
Very  broad  lines  are  undesirable  because  they  do  not  permit  the  observation 
of  fine  structure.  On  the  other  hand,  extremely  narrow  lines  (long  half  lives) 
are  very  difficult  to  observe  at  all  because  minor,  second  order  energy  shifts 
can  throw  the  emitter  and  absorber  completely  out  of  resonance. 

Finally,  since  the  interest  is  in  short  lived  excited  states,  there  must  be 
available  a  suitable  parexit  isotope  to  supply  continuously  the  excited  state  of 
interest.  Some  other  problems  involved  in  the  applicability  of  an  isotope  for 
the  Mossbauer'  effect  are  (1)  interfering  radiations,  (2)  loss  of  gamma-ray 
intensity  through  internal  conversion,  and  (3)  isotopic  abundance.  Accord¬ 


ingly,  there  are  relatively  few  isotopes  for  which  the  Mossbauer  effect  has 

S7  119  l6l 

had  much  application.  Besides  Fe  ,  some  of  these  are  Sn  ,  Oy  , 

_  169  -  191  .  .  197 

T  ,  Ir  ,  and  Au 
m 

The  Mossbauer  effect  can  be  observed  by  measuring  the  couitfing  rate  of  a 
source  throiigh  an  absorber  containing  the  ground  state  are  nuclide  and  com¬ 
paring  this  rate  under  conditions  of  resonance  and  nonresonance.  The  non¬ 


resonant  condition  can  be  achieved  in  various  ways  such  as  (1)  heating  to 
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reduce  i,  (2)  magnetically  crose  polarizing  emitter  and  absorber,  or  (3)  the 
most  conunon  method,  vibrating  source,  or  absorber  to  doppler  shift  the 
gamma  rays. 

To  obtain  an  energy  spectrum  of  the  absorber  with  respect  to  the  source, 
precise  and  very  small  increments  of  energy  must  be  added.  The  simplest 
way  to  achieve  this  is  to  move  the  absorber  relative  to  the  source,  thus  im¬ 
posing  a  <k>ppler  shift,  and  for  each  value  of  relative  velocity  determine  the 
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corresponding  count  rate.  In  the  case  of  Fe  ,  the  energy  scale  is  so  small 

57 

that  the  largest  velocity  required  is  about  10  mm/sec.  For  Fe  ,  1  nun/sec 
-8 

w4.  8  X  10  ev.  Two  kinds  of  velocity  spectrometers  are  in  use.  The  first 
is  a  constant  velocity  machine  in  which  total  counts  are  determined  for  a  fixed 
interval  (~  1  minute)  at  constant  velocity,  and  the  process  repeated  at  a  num¬ 
ber  of  other  velocities.  The  other  type,  which  is  employed  in  the 
Westinghouse  laboratories,  scans  all  velocities  rapidly  (19  cps)  and  sorts  the 
counts  receded  in  a  multichannel  analyzer  as  a  function  of  the  instantaneous 
velocity  of  the  source. 

4.  19. 1. 5  Interpretation  of  Mossbauer  Spectra 

The  energy  level  of  the  excited  nuclear  state  is  influenced  by  the  chemical 

•7  “6 

environment  of  the  nucleus  to  a  small  extent  ('''lO  tol0~  ev),  which  is 
however  large  compared  to  the  line  width.  Accordingly,  a  fine  structure  and 
a  shift  are  discernible  in  the  spectrum  obtained  by  the  doppler  shift  procedure 
described  above. 
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Figure  69  is  an  energy  level  diagram  for  Fe  which  illustrates  the  pos¬ 
sible  splitting  and  shifts.  The  scale  is  exaggerated  greatly,  the  spacing  be- 

13 

tween  ground  state  and  excited  state  actually  being  ~10  times  the  other 
spacing  s. 

The  center  shift  observed  experimentally  consists  of  the  shift  depicted  in 
figure  69,  called  the  isomer  shift,  plus  the  second  order  dof^ler  shift.  The 
largest  and  most  interesting  (from  the  point  of  view  of  this  study)  contribution 
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Figure  69>  Block  Diagrain  of  Mosabauer  Velocity  Spectrometer 


is  the  isomer  shift  which  arises  from  the  nuclear  expansion  accomfianying 
the  downward  transition.  This  is  a  measure  of  the  difference  between  source 
and  absorber  in  the  electron  density  at  the  nucleus,  and  thus  indicates  the 
valence  of  the  iron.  The  second  order  doppler  shift  arises  from  the  differ¬ 
ence  in  average  vibrational  energy  and  is  negligible  when  source  and  absorber 
are  at  the  same  room  temperature.  A  correction  of  0. 00073  mm/sec/*C  is 
applicable  arotmd  room  temperature. 
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In  the  case  of  paramagnetie  atoms,  the  ground  state  is  unspUt  and  the  up¬ 
per  state  is  either  split  into  two  levels  or  unsfdit  depending  on  edietlier  or  not 

there  is  an  electric  field  gradient  to  interact  witii  the  quadrupole  moment  of 
57 

the  Fe  nucleus.  In  magnetic  materials,  there  is  a  large  hyperfine  field  at 
the  nucleus  which  interacts  with  the  nuclear  magnetic  moments  of  the  ground 
and  excited  states  to  form  the  six- line  Zeeman  pattern  shown.  As  indicated, 
the  magnetic  moment  of  the  ground  state  is  greater  than  that  of  the  excited 
state  (A  >  B).  For  iron  metal  at  various  temperatures  it  has  been  shown  that 
the  hyperfine  field  is  proportional  to  the  domain  field,  but  this  proportionality 
factor  is  not  exactly  the  same  for  all  materials.  However,  it  apparently  does 
not  vary  widely.  The  dissymmetry  of  the  six-line  pattern  caused  by  the  quad¬ 
rupole  interaction  is  shown  in  figure  69  for  the  simple  case  of  an  axially  sym¬ 
metric  field  gradient  which  is  parallel  to  the  magnetic  axis.  This  provides  a 
fair  fit  to  the  data  obtained  on  the  materials  considered  in  this  report. 

The  assignments  of  spectral  lines  in  this  work  was  based  on  the  assump¬ 
tion  that  there  exist  in  the  sample  two  sets  of  iron  atoms,  each  with  its  char¬ 
acteristic  hyperfine  field.  Each  set  gives  rise  to  six  absorption  lines  num¬ 
bered  1  to  6  in  order  of  increasing  energy,  and  subscripted  (a)  in  the  case  of 
the  larger  field  and  (b)  in  the  case  of  the  smaller  field.  In  the  case  of  lines 
3  and  4,  set  (a)  was  not  always  distinguishable  from  (b). 

The  following  numerical  relationships  which  can  be  deduced  readily  from 
figure  69  were  used  to  analyze  the  spectra. 


A=4-2=5-3 

(71) 

B=5-4=3-2 

(72) 

6-5-2-1  6-4-3-1 

®  “  4  4 

(73) 

Center  Shift  =  -  +  e 

(74) 

The  quantities  A,  B,  c,  and  the  center  shift  are  all  measured  in  mm/sec. 
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VThere  equivalent  calculationa  were  not  quite  equal,  the  average  of  the  two 
was  listed.  In  some  cases,  lines  2  and  5  were  difficult  to  measure  and  were 
not  considered  in  the  calculation. 

The  hyperfine  field  in  koe  may  be  computed  as  follows,  where  the  numer¬ 
ical  constant  is  obtained  by  comparison  to  the  spectrum  of  pure  iron  for 
which  the  hyperfine  field  at  room  temperature  is  known  to  be  333  koe. 


Hf  =  31.4  [6  -  l] 

(75) 

Hf  s  86.  5  A 

(76) 

Expression  75  was  used  for  all  values  listed  ii^  table  10.  Actually,  it  is  only 
applicable  if  figure  69  is  applicable.  In  more  complex  cases,  e.g. ,  nonpar¬ 
allelism  of  field  gradient  and  magnetic  axes,  the  uppermost  level  and  lowest 
level  of  the  excited  state  are  not  equally  shifted  as  shown.  Expression  76  is 
always  applicable.  However,  it  requires  a  precise  value  for  either  line  2  or 
5,  which  was  not  always  obtainable. 

The  absence  or  poor  resolution  of  lines  2  and  5  is  a  direct  consequence  of 
the  nature  of  the  hexagonal  ferrites,  which  tend  to  have  their  direction  of 
easy  magnetization  perpendicular  to  the  plane  of  the  sample,  especially  in 
the  case  of  the  oriented  samples.  It  can  be  shown  that  when  the  direction  of 
radiation  is  parallel  to  the  magnetization,  as  in  this  situation,  the  A  m  =  0 
transitions  corresponding  to  lines  2  and  5  (see  figure  69)  are  strongly  forbid¬ 
den.  One  can,  in  fact,  readily  distinguish  the  oriented  samples  by  the  very 
weak  lines  2  and  5  in  their  Mossbauer  spectra. 
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TABLE  10  (Continued) 
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TABLE  10  (Continued) 


4. 19«2  Experimental  Work 
4. 19. 2. 1  Sample  Materials 

The  materials  reported  on  in  this  work  are  (1)  hexagonal  bariiun  ferrite, 

Ba0.6Fe,0-;  (2)  hexagonal  alkaline  earth  ferrite,  M0.6Fe.O,,  where  M  is  an 
6  3  Z  3 

alkaline  earth;  and (3)  yttrium  iron  garnet,  Y.Fe.O,,. 

3  5  IZ 

The  barium  ferrite  was  made  by  Indiana  Steel  Corporation  and  is  called 
Indox.  Samples  were  obtained  in  the  form  of  sintered  discs,  about  5/8-inch 
in  diameter  and  2  mils  thick.  Samples  labelled  Indox  V  were  oriented  in 
manufacture  so  that  the  axis  of  easy  magnetization  was  perpendicular  to  the 
plane  of  the  disc,  whereas  those  called  Indox  I  were  not  oriented.  Some 
measurements  were  also  made  on  each  of  these  after  they  were  magnetized 
(perpendicular  to  the  plane  of  the  disc). 

The  alkaline  earth  ferrite  was  prepared  in  the  Westinghouse  Research 
Laboratories.  Discs  similar  to  the  various  Indox  samples  were  prepared. 

In  addition,  powder  consisting  of  single  domain  particles  was  made  available. 
Additional  experiments  were  performed  on  absorbers  prepared  from  this 
powder  by  mixing  it  with  a  large  volume  of  polymethyl  methacrylate  powder 
(PMMA)  and  pressing  into  a  disc.  These  absorbers  were  termed 
"disoriented,  "  since  in  their  dilute  state  there  was  little  chance  of  adventitious 
orientation  of  the  powder  during  pressing  as  appears  to  have  occurred  in  the 
"unoriented"  sintered  discs  to  some  extent. 

Additional  dilute  disoriented  discs  were  made  by  pressing  the  powder  with 
a  boric  acid  polymer.  These  samples  were  subjected  to  electron  irradiation, 
assuming  that  the  boric  acid  polymer  would  be  much  more  radiation  resistant 
than  the  organic  polymer.  Radiation  damage  was  nonetheless  severe  at  the 
highest  doses  used.  For  one  elevated  temperature  run,  a  dilute  disoriented 
absorber  was  made  by  pressing  the  powder  with  Li2CO^. 

Runs  were  made  on  YIG  in  the  form  of  powder  in  plastic  discs  as  described 
above.  The  source  of  the  powder  was  small  rough  crystals  synthesised  by  a 
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si»t«r  technique.  In  addition,  melt  grown  aingle  cryetala  were  cut  parallel 
to  the  110  planee  and  ground  to  2  to  3  milt,  but  the  spectra  obtained  were  too 
cmnplex  to  be  analyaed  for  purposes  of  this  project.  The  YIG  was  made  in 
the  Westinghouse  Research  Laboratories. 

Samples  of  the  Westinghouse  ferrite  were  also  made  in  the  form  of  slender 
rods  suitable  for  magnetic  measurements,  and  also  of  small  enough  diameter 
to  permit  penetration  of  the  electron  beam.  These  were  used  to  determine 
the  effects  of  irradiation  upon  the  magnetic  properties  of  the  material  since 
the  Mossbauer  absorbers  were  of  improper  shape. 

4.  19. 2. 2  Mossbauer  Equipment  and  Measurement  Procedure 

The  Mossbauer  velocity  spectrometer  is  block  diagrammed  in  figure  69a. 
This  is  the  system  which  has  been  in  use  in  the  Westinghouse  laboratory  for 
2-1/2  years  and  has  been  widely  described.  Several  modifications  have 
recently  been  incorporated.  The  transistorized  driver  amplifier  was  re¬ 
quired  for  the  new  high  compliance  speaker  now  being  used  in  order  to  drive 
it  faithfully  and  reproducibly.  The  new  speaker  contains  two  voice  coils,  one 
of  which  is  used  as  a  driver  and  the  other  as  a  velocity  transducer.  This  is 
superior  to  an  external  transducer  in  regard  to  ruggedness  and  constancy  of 
calibration.  The  combination  of  new  speaker  and  driver  amplifier  are  also 
necessary  for  the  parabolic  drive  system  which  has  just  been  completed  and 
is  now  being  installed. 

A  device  was  installed  to  introduce  a  constant  dead  time  after  each  pulse 
being  fed  to  the  analyzer.  This  avoids  a  "tilted"  spectrum  which  arises  be¬ 
cause  the  time  required  to  store  a  pulse  is  a  function  of  the  channel  number. 
Accordingly,  the  analyzer  dead  time  is  a  function  of  chazmel  number  unless 
otherwise  controlled. 

In  the  velocity  signal  route,  a  Zener  diode  and  associated  power  supply 
was  installed  to  improve  the  freedom  from  zero  drift. 

Ehirii^  this  contract  period,  a  new  radiation  source  was  made  and  instal> 
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led.  About  two  millicuries  of  Co  was  electroplated  onto  a  highly  polished 


chromium  wafer.  This  was  annaaled  in  vacuum  at  lOOO'C  for  one-half  hour. 

(Prolonged  annealing  wo\ild  "bury"  the  Co  in  the  thick  wafer. )  This  source 

was  superior  to  the  previously  used  stainless  steel  with  regard  to  line  width, 

and  was  also  of  much  higher  activity,  giving  about  10  times  the  former  count 

rate.  With  the  present  coimt  rate,  a  4-hour  run  is  sufficient  to  fill  the 

memory  of  the  analyzer,  i.  e.  65,000  counts  per  channel.  Longer  runs 

are  made  if  better  statistics  are  required  to  see  small  effects.  The  improved 

line  width  is  illustrated  in  figure  71 ,  which  shows  the  new  data  obtained  with 
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the  new  Cr  source  and  an  absorber  of  enriched  K^Fe  (CN)^.  The  uncor¬ 
rected  line  width  is  only  0.  34  mm/ sec.  The  isomer  shift  (center  shift)  is 
0.08  mm/sec  compared  to  0.05  mm/sec  for  stainless  steel.  The  isomer 
shift  of  -0.03  mm/sec  for  Cr  versus  stainless  steel  was  checked  using  the 
chromium  source  and  a  stainless  steel  absorber. 

To  make  a  run,  the  following  procedure  was  used.  First,  with  the  velocity 
coil  shorted,  the  velocity  train  was  calibrated  using  the  d-c  calibrating  box. 
By  varying  the  bias,  channel  100  was  made  to  correspond  to  zero  velocity 
(zero  volts)  and  by  varying  the  gain  channels  20  and  180  were  in\de  minus 
and  plus  8.0  mm/sec,  respectively.  The  appropriate  calibrating  d-c  was 
4. 13  mv/mm/sec,  which  was  determined  and  checked  periodically  by  running 
the  spectrum  of  pure  iron  foil  for  which  the  peak-to-peak  Zeeman  splitting 
at  room  temperature  is  well  established  as  10.65  mm/sec.  Second,  the 
amplitude  of  the  source  vibration  was  set  to  exceed  slightly  the  velocity  range 
of  the  analyzer  and  left  fixed  for  the  rur  .  A  "form  run"  was  then  stored  using 
random  counts  and  printed  out,  the  counts  in  each  velocity  channel  represent¬ 
ing  the  relative  measuring  time  at  that  velocity.  Next  the  six^le  channel 
analyzer  was  adjusted  to  feed  only  the  14. 4  Kev  counts  to  the  smalyzer  and 
the  spectrum  was  stored  and  printed  out.  Storage  of  the  spectrum  required 
much  more  time  than  the  "form"  because  of  the  limited  count  rate  of  the  14.  4 
Kev  gammas.  After  printing  the  spectrum,  it  was  customary  to  repeat  the 


form  and  add  the  two  forma  to  average  out  any  slight  drift  in  the  pattern  of 
motion  of  the  drive,  drift  in  the  velocity  train  bias,  and  amplification.  Any 
drift  of  bias  or  amplification  was  measured  by  repeating  the  d-c  calibration 
procedure,  and  small  drifts  of  one  or  two  channels  (i.e. ,  0. 10  or  0.20  nun/ 
sec),  which  occurred  occasionally,  were  corrected  for.  The  raw  spectrum 
data  was  divided  channel  by  channel  by  the  form  data  to  give  a  normalised 
spectrum  with  a  flat  background. 

Before  determining  the  positions  of  the  absorption  lines,  smooth  curves 
were  drawn  to  match  the  data,  based  on  the  assumption  that  the  curve  was 
composed  of  lines  which  were  Lorentsian  in  shape  and  about  0.5  mm/sec 
wide.  The  curve  fitting  was  not  done  analytically  but  by  trial  and  error 
manual  sketching  and  visual  inspection.  The  positions  listed  for  the  lines 
are  the  peak  positions.  No  attempt  was  made  to  measure  peak  heights  or 
areas. 

The  total  count  rate  when  the  single  channel  analyser  was  set  for  14. 4  Kev 
included  30  to  80  percent  non- 14. 4  Kev  background  depending  on  absorber 
thickness.  The  percent  backgroimd  was  determined  for  each  sample  by 
measuring  the  apparent  14. 4  Kev  rate  with  and  without  a  l/l  6-inch  A1  ab¬ 
sorber.  This  measurement  made  it  possible  if  desired  to  convert  observed 
percentage  McJssbauer  effects  to  an  abolute  basis  (although  this  was  not  nec¬ 
essary  in  this  work),  and  also  to  estiixiate  in  advance  the  total  number  of 
counts  required  for  a  given  net  14.4  Kev  total.  Since  net  effects  were  only 
about  9  percent  at  best,  samples  were  run  until  the  equivalent  of  10,000  net 
14.  4  Kev  counts  (*1  percent  counting  statistics)  were  received. 

4. 19. 2.  3  Irradiation  Procedures 

Because  of  the  exploratory  nature  of  the  project,  the  main  objective  of  the 
irradiation  procedure  was  to  obtain  a  high  dose  with  some  sacrifice  of  dose 
\miformity,  accuracy  of  dosimetry,  and  temperature  control.  The  radiation 
source  was  a  2  Mev  Van  de  Graafi  electron  accelerator.  The  first  two 
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samples  (maximum  dose  10^^  rad)  were  irradiated  one  at  a  time  using  an 
unfocused  beam  which  after  scattering  by  the  window  and  by  air  was  roughly 
uniform  over  tiie  5/8-inch  diameter  sample  area.  For  subsequent  irradia¬ 
tions,  this  beam  was  magnetically  swept  from  side  to  side  rapidly  to  cover  a 
row  of  four  samples. 

Samples  were  placed  on  a  thick  aluminum  base  plate  which  was  water 
cooled  internally.  They  were  held  in  place  gently  by  l/Z-mil  aluminum  foil 
clamped  to  the  base  plate  around  the  edges  of  the  samples.  A  blast  of  air  at 
the  A1  foil  cooled  the  samples  from  above.  In  this  arrangement,  neither  the 
foil  nor  the  surrounding  metal  were  warmed  significantly.  It  was  very  dif¬ 
ficult  to  measure  the  temperature  of  the  actual  samples  during  irradiation, 

"  but  it  was  presumed  that  they  were  thin  enough  so  that  they  too  were  not 
warmed.  A  serious  experimental  difficulty  in  this  work  was  that  the  samples 
were  too  fragile  to  risk  a  more  firm  thermal  contact  during  the  irradiation. 
The  small  rods  irradiated  for  magnetic  properties  effects  may  have  suffered 
higher  temperature  rises  because  they  were  thicker  (with  respect  to  beam 
penetration)  and  had  very  poor  thermal  contact. 

The  dose  rate  and  its  distribution  over  the  sample  area  were  obtained  by 
short  irradiations  on  the  same  set  up  of  blue  cellophane,  which  has  been  cali¬ 
brated  and  used  for  this  general  purpose  in  our  laboratory  for  several  years. 
Although  its  accuracy  is  not  better  than  5  percent,  this  method  automatically 
corrects  for  such  factors  as  backscatter  (as  long  as  the  samples  are  thix^, 
and  maps  the  dose  distribution  conveniently  and  in  detail. 

Doses  have  been  given  in  rads  (1)  since  they  were  determined  by  a  chem¬ 
ical  method  and  (2)  because  it  was  anticipated  that  damage  would  be  due  to 

ioniseation  primarily.  If  damage  is  to  be  ascribed  to  direct  impact  displace- 
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ments,  it  is  pertinent  to  give  the  flux,  which  corresponds  to  roughly  3  x  10 
electrons/ cm^  per  1  x  10^^  rad. 


4.19.2.4  Results 

TaUe  10  is  a  chronological  listing  of  all  the  interpretable  spectra  obtained 
in  this  program  (exclusive  of  calibrations)  giving  the  nature  of  the  sample 
and  the  parameters  of  the  two  six  lixM  sets  calculated  from  the  line  spacings. 
The  alkaline  earth  hexagonal  ferrites  are  designated  by  their  Westinghouse 
code  numbers,  with  the  exception  of  the  powder  which  is  simply  labelled  W 
followed  by  the  binder  material.  Sintered  discs  are  labelled  "or"  if  oriented 
and  "mag"  if  magnetised.  Irradiated  samples  are  referred  to  by  their  orig¬ 
inal  run  number  and  dose.  Repeated  runs  on  the  same  absorber  are  refer¬ 
red  to  the  original  run  niunber.  All  samples  were  rxm  with  both  source  and 
absorber  at  room  temperature  unless  the  absorber  temperature  is  otherwise 
listed  in  the  notes. 

The  early  runs  were  made  against  a  stainless  steel  source;  those  beyond 
499  employed  the  Cr  source.  No  correction  for  the  source  difference  was 
made.  To  compare  center  shifts,  0.03  mm/sec  should  be  subtracted  from 
the  Cr  source  values;  the  other  numbers  are  unchanged.  Center  shifts  were 
corrected  for  2nd  order  doppler  effect  when  necessary. 

Values  for  Hf  computed  by  equation  76  will  not  be  used  in  discussing  Hf, 
but  were  listed  in  order  to  indicate,  by  comparing  with  Hf  (equation  75),  how 
reliable  lines  2  and  5  were. 

In  runs  475  through  507  there  was  some  difficulty  in  maintaining  a  constant 
scale  calibration,  and  a  correction  factor  was  applied  to  the  spacings,  based 
on  the  results  of  pure  iron  calibration  runs.  The  agreement  of  results  indi¬ 
cates  that  in  most  cases  this  correction  was  legitimate,  but  run  495  gave 
anomolously  low  spacings.  The  trouble  seems  to  have  originated  when  the 
Zener  diode  regulated  power  supply  was  substituted  for  batteries  in  the  veloc¬ 
ity  train.  For  some  reason,  the  analyzer  then  became  more  sensitive  to 
overdrive.  Subsequent  careful  attention  to  drive  amplitude  eliminated  further 
scale  difficulties. 
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Figures  71  to  78  Illustrate  some  of  the  spectra  referred  to  in  taUe  10.  In 
figures  71  and  72,  runs  439  and  453,  the  absorption  lines  are  pointed  upward 
since  the  reciprocal  of  the  count  rate  had  been  calculated  then.  Despite  the 
normalisation  procedure  in  reducing  the  data,  some  distortion  of  the  base 
line  appears  in  a  few  cases  as  a  result  of  slight  bias  shifts  and  gain  changes 
in  the  velocity  train,  plus  a  greatly  expanded  vertical  scale.  Such  distortions 
are  gradual  and  do  not  interfere  with  the  determination  of  line  position  but  do 
contribute  to  the  difficulty  of  interpreting  pesdc  heights  quantitatively. 

Figure  79  is  a  plot  of  the  hyperfine  fields  in  the  disoriented  absorbers  of 
the  Westinghouse  ferrite  as  a  function  of  temperature  using  the  data  in  table 
10  from  runs  509  to  518. 

Table  11  lists  the  results  of  the  magnetic  measuresments  of  the  rod  sam¬ 
ples  of  Westinghouse  hexagonal  ferrites  which  were  irradiated.  As  can  be 
seen,  these  samples  survived  the  electron  bombardment  without  any  signifi¬ 
cant  change.  The  differences  in  table  11  are  below  the  experimental  error  for 
the  measurement. 

TABLE  11 

MAGNETIZATION  OF  SMALL  FERRITE  RODS 
FOR  ELECTRON  IRRADIATION 

Icontrol  llrradiated  Samples; 


Samples  | _ 10^^  rad 


Magnetized  parallel  to  axis  of  rod  70.  5  70.  1 

Magnetized  perpendicular  to  axis  of  rod  69.  5  69. 4 

Average  70.0  69.75 
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Figure  71. 


Spectrum  of  K^Fe 
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(CN). 


With  Cr  Source 


Figure  73.  Plot  of  Mosabauer  Spectra, 
Run  447,  Indox  V  Oriented 


RELATIVE  COUNTS 


Figure  74.  Plot  of  Mossbauer  Spectra,  Run  523, 
BV13  After  Rad 


Figure  75.  Plot  of  Mossbauer  Spectra,  Run  498, 
BV25  Oriented  and  Magnetised 


Figure  76.  Plot  of  Mossbauer  Spectra,  Run  529,  BV25 
Oriented  and  Magnetised,  After  10^^  Rad 
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Figure  79- 


Plot  of  Mossbauer  Spectra,  Run  518 
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4. 19.  3  Ditctttsion  of  Results 

4. 19.  3. 1  Interpretation  of  the  Spectra  of  the  Hexagonal  Ferrites 

The  compound  BaO.  6Fe20jWill  be  used  for  purposes  of  discussion  assum¬ 
ing  that  the  Westinghouse  samples  are  qualitatively  the  same.  Before  refer¬ 
ring  to  the  chemical  structure  the  following  general  features  revealed  by  the 
spectra  can  be  listed. 

a.  There  are  two  major  sets  of  iron  atoms,  vdiich  we  will  refer  to  as 
(a)  and  (b),  set  (a)  exhibiting  a  larger  hyperfine  field  than  (b). 

b.  These  sets  share  a  common  magnetic  axis  as  revealed  by  the  equal 

s 

attenuation  in  the  oriented  absorbers  of  lines  2  and  5  of  each  set. 

c.  Set  (b)  is  slightly  more  populous  than  set  (a).  However,  quantitative 
comparison  of  peak  heights  (or  areas)  is  not  justified  by  the  data. 

d.  Set  (b)  showed  a  consistently  larger  quadrupole  interaction  e  than 
(a),  indicating  an  environment  with  a  greater  electric  field  gradient. 

e.  Both  sets  exhibited  center  shifts  which  were  typical  of  ferric  ions 

such  as  in  ^^£^3*  apparent  slightly  larger  values  for  (b)  are  not 

necessarily  significant  because  when  lines  3  and  4  were  not  resolvable  into 
two  sets  the  difference  in  center  shifts  merely  reflects  the  difference  in  e's. 

f.  Hyperfine  fields  were  roughly  of  the  same  magnitudes  as  reported 
in  previous  work  on  iron  oxides  and  garnets  (references  9  and  10). 

The  limitations  of  the  Mossbauer  method  must  not  be  forgotten  when  con¬ 
sidering  the  above  features.  Very  small  minority  populations  may  have  been 
ignored  because  of  their  low  intensity  relative  to  the  deviations  incurred 
through  counting  statistics  and  electronic  errors.  Furthermore,  although 
"pure"  lines  were  drawn  on  the  graphs,  it  is  quite  likely  that  each  of  the  two 
sets  is  indeed  an  average  of  more  than  one  crystallographically  distinguish¬ 
able  set  of  ions  (of  which  indeed  there  are  five  altogether). 

The  above  features  (a  through  f)  can  be  seen  by  exaunining  table  10  and  the 
illustrative  spectra  in  figures  71  through  78.  For  all  the  Westinghouse 
samples  at  room  temperature  (20  runs  excluding  runs  506  and  528), 

Hf(a)  s  502  ^10  (standard  deviation  and  Hf(b)  «  415  ±10  (standard  deviation). 


For  all  the  index  tamplee  (seven  rune  excluding  numbers  418,  502,  507,  and 
the  irradiated  samples)  Hf(a)  «  515  a?  (standard  deviation)  and  Hf(b)  »  423  *5 
(standard  deviation). 

The  diminution  of  lines  2  and  5  in  an  oriented  sample  is  illustrated  in 
figure  72.  This  orientation  effect  occurs  to  about  the  same  extent  in  the 
magnetized  oriented  samples  as  illustrated  in  figure  74,  the  effect  of  magnet¬ 
ization  being  merely  to  make  unidirectional  the  already  parallel  domain 
fields. 

The  relative  populations  are  illustrated  well  in  figure  73  which  is  an  un¬ 
usually  good  run  with  respect  to  scatter.  The  height  of  peak  2a  is  unexpectedly 
high  but  this  is  attributable  to  its  proximity  to  lb. 

Average  values  for  the  e's  taken  from  table  10  considering  all  runs  on 
hexagonal  ferrites  (total  of  38  runs)  are  ea  =  0.  084  (average  deviation  ^0.039) 
and  eb  s  0.  196  (average  deviation  ±0.  040)  and  in  every  run  but  two  eb  >  ea. 

Similarly  the  center  shift  for  (a)  was  0.410  (average  deviation  d:0.  055)  with 
respect  to  stainless  steel  and  for  (b)  was  0.  485  (aO.  063  average  deviation). 
Comparable  values  from  the  literature  (references  7  and  10)  are  0.  5  aO.  05 
for  Fe20j;  0. 35  ±0. 1  for  nickel  ferrite,  0.  45  *0. 10  for  the  octahedral  ferric 
ions  in  Fe^O^,  0. 35  ±0. 10  and  0.  55  ±0. 10  for  the  two  sites  in  TIG;  and 
0.  5  ±0. 1  and  0.  6  ^0.  1  for  DYIG  (dysprosium  yttrium  iron  garnet).  In  con¬ 
trast,  the  center  shift  of  the  ferrous  ion  hyperfine  field  in  Fe^O^  (below  the 
order -disorder  transition)  was  1.  15  ±0.  15 

Next  the  Mossbauer  pattern  must  be  reconciled  with  the  detailed  crystal 
structure.  The  compound  BaO.  OFe^O^  has  the  magnetoplumbite  structure 
for  which  the  spin  assignments  have  been  discussed  by  Smit  and  Wijn 
(reference  19).  The  structure  is  made  up  of  alternate  blocks  SRS^R*  com¬ 
prising  two  formula  units,  S  referring  to  the  "spinel  block,  "  R  to  the 
"hexagonal  block,  "  and  the  asterisk  denoting  a  180-degree  rotation.  For 
purposes  of  counting  and  assigning  ions,  one  formula  unit  (i.  e. ,  12  iron  ions) 
is  sufficient.  These  are  distributed  as  shown  in  table  12.  This  assignment 
of  spins  and  the  assumption  of  5  Bohr  magnetons  per  ion  yields  the  measured 
saturation  magnetization  at  very  low  temperatures. 
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TABLE  12 


CONFIGURATION  AND  SPIN  DIRECTION  OF  IRON  IONS 
IN  THE  MAGNETOPLUMBITE  STRUCTURE 


Number  of 
Ions 

Designation* 

Coordination  to 
Oxygen 

Spin 

Direction 

Block  Location 

1 

2a 

Octahedral 

(up) 

S 

1 

2b 

Five -fold 

R 

2 

^'l 

Tetrahedral 

(down) 

S 

2 

Octahedral 

R 

6 

12k 

Octahedral 

borderline 

*  Notation  of  Bertaut,  et  al. ,  (reference  20). 


The  assignment  of  these  ions  to  the  two  sets  observed  in  the  Mdssbauer 
spectrum  is  not  clear  cut.  A  first  guess  could  be  that  all  the  octahedral  ions 
belong  to  one  set,  but  that  would  imply  at  least  a  9:3  population  ratio  which 
is  inconsistent  with  the  observed  spectra.  *  Another  thought  is  that  perhaps 
all  the  upward  directed  spins  belong  to  one  set  and  the  downward  spins  to 
the  other.  In  this  case,  the  population  ratio  of  8  to  4  is  a  little  more  credible 
but  is  still  more  lopsided  than  suggested  by  the  relative  intensities  of  the 
Mossbauer  sets.  Another  objection  is  that  it  would  be  logical  to  expect  the 
"2a"  ion  to  display  the  same  hyperfine  field  as  its  companions  in  the  S  block, 
the  "4f^"  ions,  (i.  e. ,  join  the  downward  rather  than  upward  set)  because  in 
Fe^O^  (at  low  temperatures)  this  is  the  case. 

At  any  rate  it  is  reasonable  to  expect  that  the  six  identical  "12k"  ions 
belong  to  the  same  set.  This  must  be  the  more  populous  (b)  set,  since  the 


*  It  is  assumed  that  the  peak  heights  for  the  two  sets  accurately  reflect  the 
corresponding  populations.  This  would  not  be  so  if  the  two  sets  had  different 
f  values  (f  s  resonant  fraction),  a  situation  which  is  conceivable  for  different 
lattice  sites.  However,  the  percent  effect  for  both  sets  is  qualitatively  as 
high  at  room  temperature  as  it  is  at  very  low  temperatures.  This  very 
sli^t  temperature  dependence  of  the  f's  must  mean  that  they  are  both  close 
enough  to  unity  so  that  our  initial  assumption  is  valid. 
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"12k's"  already  constitute  half  the  possible  Mossbauer  ions.  Additional 
reasons  for  assigning  the  "12k''  ions  to  set  (b)  arise  from  their  unusual 
environment,  being  located  symmetrically  with  respect  to  the  barium  ion  and 
along  the  interblock  border.  The  dissymmetry  in  this  environment  would 
account  for  the  larger  value  of  c  exhibited  by  the  (b)  set.  Furthermore  this 
environment  may  also  be  responsible  for  the  rather  sensitive  temperature 
dependence  (see  below)  of  Hf  of  this  set.  In  Fe^O^,  Hf  of  the  tnily  octahedral 
Fell!  ions  (analogous  to  our  "2a's")  changed  very  little  between  room  tempera¬ 
ture  and  liquid  nitrogen  (reference  7). 

Accordingly,  tentatively  identified  is  set  (a)  as  the  "4fj's,  "  "4f2's,  "  and 
"2a's,  "  a  total  of  five  ions:  and  set  (b)  as  the  six  "12k's.  "  Temporarily  it  is 
questioned  as  to  whether  the  "2b"  belongs  to  either  set. 

4.  19.  3.  2  Variation  of  Hf's  With  Temperature 

In  principle,  a  knowledge  of  the  variation  of  hyperfine  fields  with  tempera¬ 
ture  plus  the  saturation  magnetization  curve  should  help  one  decide  on  the 
identities  of  the  sets. 

From  the  data  in  table  10  the  curves  of  figure  79  are  drawn  showing  how 
the  two  fields  in  the  Westinghouse  ferrite  vary  with  temperature.  (The  two 
low  points  at  195 *K  are  both  from  run  511. )  In  drawing  the  curves,  the 
portions  below  80 *K  were  extrapolated  rather  freely.  It  was  tempting  to 
draw  Hf(b)  as  shown  by  the  dotted  curve  which  is  a  linear  extrapolation  of  the 
data  and  also  intercepts  0*K  at  about  the  same  value  as  Hf(a).  Since  the 
magnetization  per  ion  is  known  to  be  the  same  for  all  12  ions  at  0*K,  we 
would  expect  the  Hf's  to  be  the  same  if  the  proportionality  factor  were  the 
same  for  both  sets.  However,  the  dotted  curve  is  used  to  construct  the 
saturation  magnetization  (a)  curve  (as  described  below)  it  is  not  possible 
using  any  combination  of  ions  for  each  set  to  duplicate  the  flat  characteristic 
of  a  near  0*K.  (See  figure  80.)  This  is  only  possible  if  the  Hf  curves  are 
parallel.  Accordingly,  in  the  absence  of  any  lower  temperature  data,  both 
curves  were  drawn  flat  as  shown.  This  also  implies  that  the  proportionality 
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Figure  80.  Variation  of  Hf  With  Temperature,  Westinghouse 

Hexagonal  Ferrite 

factor  is  not  the  same  for  the  two  fields.  Bauminger,  et  al. ,  (reference  6) 

came  to  this  same  conclusion  regarding  the  garnets.  An  extension  of  the 

data  to  lower  temperatures  is  still  required  to  prove  this  point. 

A  curve  of  saturation  magnetization  for  BaO.  6Fe,0  is  given  by  Smit  and 

2  3 

Wijn  (reference  19)  (their  figure  38.  2),  and  it  is  expected  that  a  similar 
curve  for  the  Westinghouse  material  would  be  nearly  identical.  This  curve 
is  reproduced  as  the  solid  line  in  figure  81. 

Using  the  curves  of  figure  79  one  can  now  calculate  a  values  (normalized 
to  the  0*K  value)  for  comparison  to  figure  81,  based  on  the  various  probable 
assignments  of  ions  to  sets  as  follows: 
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Figure  81.  Variation  of  Saturation  Magnetization  With  Temperature 


Case  1:  Assume  set  (b)  comprises  all  the  upward  spins  and  set  (a)  all  the 
downward  spins.  Then  a  *  8Hf(b)  -  4H£(a)  where  the  ratio  of  Hf's  at 

0*K  has  been  inserted  to  account  for  the  difference  in  proportionality  factors 
for  (a)  and  (b).  The  results  are  shown  by  x's  on  figure  81. 

Case  2:  Assume  set  (b)  comprises  the  six  spin-up  "12k"  ions  and  set  (a) 
all  the  spin-down  ions  plus  the  spin-up  "2a"  ion  as  concluded  in  the  previous 
section.  Whether  or  not  the  "2b"  ion  contributes  to  the  observed  Mossbauer 
sets,  it  does  contribute  to  the  magnetization  «md  has  some  temperature 
charsM;teristic  which  we  can  only  guess  at.  If  this  temperature  characteristic 
is  very  different  than  (a)  or  (b)  the  case  cannot  be  treated  but  the  calculation 


can  be  continued  on  the  assumption  that  either  it  follows  set  (a)  or  it  follows 
set  (b).  Consider  as  Case  2  the  assumption  that  it  follows  (a):  Ndiereupon 
a  ■»6Hf(b)  -  4Hf(a)  +  2Hf(a)  Th®  results  are  shown  by  +'s  in 

figure  81. 

Case  3:  This  is  like  Case  2  except  that  the  second  assumption  is  made, 
i.  e. ,  that  the  mi^netisation  of  the  "2b"  ion  varies  as  Hf(b).  In  this  case 
a  M  7Hf(b)  -  4Hf(a)  +  Hf(a)  The  results  of  all  between  those  of 

CsLses  1  and  2  are  shown  by  solid  dots  on  figure  81. 

According  to  figure  81,  Case  1  provides  the  best  match.  (The  discrepancy 
near  0*K  is  not  serious  in  view  of  the  arbitrary  drawing  of  figure  79.  It  is 
more  significant  that  the  x's  follow  the  trend  of  the  solid  line. )  Furthermore 
the  assignment  of  any  up-spin  ion  to  set  (a),  (which  reduces  the  contribution 
of  Hf(a)  to  the  calculation)  can  only  make  the  cMe  worse. 

From  the  above  attempts  to  match  the  a  curve,  we  should  change  our 
earlier  assumption  and  conclude  that  set  (a)  contains  only  the  four  down-spin 
ions.  The  fact  that  set  (b)  does  not  appear  by  comparison  to  contain  eight 
ions  at  room  temperature  could  be  due  to  a  very  large  temperature  effect 
for  one  or  two  of  these  eight,  most  likely  the  "2b"  ion.  It  is  significant  that 
at  low  temperatures  the  relative  intensity  of  the  (b)  lines  is  much  greater 


(see  figures  76  and  77)  than  at  room  temperature.  If  indeed  there  were  one 
ion  in  the  majority  set  whose  magnetization  were  fast  approaching  zero 
around  room  temperature,  this  would  explain  the  noticeable  inflection  in  the 
a  curve  in  this  region.  Also  there  were  suggestions  in  some  runs  (see  notes 
in  table  10  and  figure  71)  of  an  absorption  at  -2.4,  +0.  1,  amd  +2.  9  which  may 
have  been  due  to  an  ion  with  a  very  small  Hf.  If  the  possibility  of  a  majority 
set  ion  is  admitted  with  a  very  large  temperature  effect,  then  the  calcula¬ 
tions  of  figure  81  are  no  longer  conclusive  in  deciding  whether  the  "2a"  ion 
belongs  to  set  (a)  or  (b). 

In  summary,  regarding  the  ion  assignments,  the  following  situation  has 
been  attauned.  For  the  most  part,  set  (b)  comprises  die  six  "12k"  ions  and 
set  (a)  the  four  down-spin  ions.  If  in  attempting  to  badance  the  populations. 
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the  two  remaining  ions  are  assigned  to  (a)  or  one  ion  to  each,  as  sharp  a 
drop  is  not  expected  in  a  versus  temperature  as  is  observed.  On  the  other  hand, 
it  may  be  that  the  sharp  drop  in  a  is  the  result  of  one  ion  (let  us  say  "2b") 
which  appears  with  set  (b)  at  low  temperatures  and  then  drops  rapidly  in 
magnetization.  This  suggestion  helps  balance  the  populations  at  room  tem¬ 
perature.  Also  admission  of  this  suggestion  means  that  it  is  no  longer  needed 
to  exclude  the  "2a"  ion  from  set  (a)  on  the  basis  of  the  temperature  data. 

The  above  difficulties  could  be  resolved  by  obtaining  more  precise  M'dss- 
bauer  spectra  from  which  could  be  obtained  either  (or  both)  more  accurate 
values  for  the  relative  populations  or  more  definite  evidence  for  another  ion 
set  and  its  Hf  versus  temperature. 

4.  19.  3.  3  Spectra  of  YIG 

The  spectra  of  the  garnets  resemble  roughly  those  of  the  hexagonal  fer¬ 
rites.  Bauminger  et  al.  (reference  10)  obtained  similar  spectra  and  assigned 
to  the  ion  set  with  the  large  Hf  the  octahedral  ions  and  to  the  set  with  the 
smaller  Hf,  but  greater  intensity,  the  tetrahedral  ions  which  are  3/2  as 
numerous  as  the  octahedral  ions.  Bauminger  et  al.  used  the  term  "d"  set 
rather  than  the  Westinghouse  "b"  set  and  found  a  temperature  dependence  for 
both  Hf's  similar  to  the  Westinghouse  Hexagonal  ferrite  resiilts,  except  that  the  dif¬ 
ference  between  (a)  and  (b)  in  the  garnet  at  liquid  nitrogen  was  much  greater 
than  in  the  ferrites. 

For  the  center  shifts,  Bauminger  found  0.  55  SO.  10  for  the  (a)  set  and  0.  35 
*0. 10  for  the  (b)  set  which  agrees  with  the  Westinghouse  run  527. 

Westinghouse  found  also  in  agreement  that  (a)  is  consistently  shifted  more 
than  (b),  except  for  the  early  run  403.  Bauminger  speculated  that  the 
smaller  shift,  which  is  correctly  interpreted  as  an  indication  of  covalency, 
might  be  correlated  to  the  smaller  Hf,  but  Westinghouse  results  on  the 
hexagonal  ferrites  are  contrary  to  this. 

Bauminger 's  work  indicated  little  or  no  quadrupole  interaction; 

We stinghouse's  average  values  fore  were  0.060  for  (a)  and  ~  0.001  for  (b). 
Wertheim  (reference  8)  points  out  that  considering  the  various  angles  of  the 
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symmetry  axis  of  the  electric  fi.eld  gradient  tensor  there  are  no  less  than 
seven  nonequivalent  sites.  Wertheim  studied  YIG  as  a  single  crystal  in  a 
magnetic  field  arranged  in  such  a  direction  as  to  reduce  the  number  of 
equivalent  sites  to  three,  and  under  these  circumstances,  found  appreciable 
values  for  e,  indicating  that  in  the  powder  studies  the  quadrupole  interaction 
has  been  averaged  out. 

The  Westinghouse  average  values  for  Hf  were  489  ^12  for  (a)  and  400  A4 
for  (b)  compared  to  Bauminger's  values  of  485  al5  and  390  itlO  respectively, 
and  Wertheim's  values  of  474  ^7  and  392  a5  respectively.  This  agreement 
with  Wertheim's  work  seems  to  indicate  that  proper  values  for  Hf  are  obtain¬ 
able  from  the  powder  study,  despite  the  averaging  of  several  strictly  non¬ 
equivalent  sites  into  one  M'dssbauer  set. 

4.  19.  3.  4  Comparison  of  Westinghouse  and  Indox  Materials 

The  data  accumulated  in  this  study  also  made  it  possible  to  seek  out  dif¬ 
ferences  in  chemical  structure  between  the  two  hexagonal  ferrites  which 
contained  different  divalent  ions.  Both  hyperfine  fields,  as  pointed  out 
earlier,  were  slightly  larger  in  Indox  although  the  probable  ranges  over¬ 
lapped.  These  differences,  both  in  the  same  direction,  would  not  reflect  on 
the  net  magnetization,  which  is  indeed  not  significantly  different.  If  real, 
the  differences  may  reflect  a  lesser  temperature  effect  in  Indox,  or  possibly 
just  a  difference  in  proportionality  factor  between  a  (ion)  smd  Hf. 

No  systematic  differences  in  e's  between  the  two  ferrites  were  evident. 
However,  the  probable  ranges  for  e  were  large  and  obscured  small  dif¬ 
ferences.  The  same  can  be  said  for  the  center  shifts.  It  is  conceivable  that 
the  change  in  divalent  ion  might  have  affected  the  e  and  center  shift  of  the  "b" 
set  particularly  because  of  the  arrangement  of  the  "12k"  ions  around  the 
divalent  ion. 

Both  Indox  and  Westinghouse  materials  displayed  qualitatively  similar 
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4. 19>  3.  5  Radiation  Effects 

The  spectra  of  the  irradiated  samples,  on  visual  inspection,  very  closely 
resembled  those  of  the  unirradiated  samples.  Figures  74  and  75  provide  a 
comparison  for  an  oriented  (and,  incidentally,  magnetiaed)  sample,  and 
figures  71  and  73  a  similar  comparison  for  a  nonoriented  sample.  Both 
figures  73  and  75  are  for  the  high  radiation  dose.  In  seeking  evidence  for 
radiation  changes,  the  following  visual  features  should  be  observed. 

In  oriented  samples,  any  increase  in  the  intensities  of  lines  2  and  5  could 
be  interpreted  as  a  rotation  of  the  axis  of  easy  magnetization.  In  these 
samples  also,  the  growth  of  new  lines  could  be  readily  observed  in  the  "emp¬ 
ty"  regions  of  the  spectrum.  New  lines  would  imply  the  formation  of  new 
"kinds"  of  iron.  Any  reduction  to  ferrous  ion  would  result  in  peaks  at  about 
0  and  3. 00  mm/sec  if  paramagnetic,  or  in  a  six  line  pattern  if  ferromagnetic, 
almost  1  mm/sec  to  the  right  of  the  ferrite  patterns. 

If  changes  occurred  which  were  too  small  to  cause  new  visible  patterns 
they  might  by  mixing  with  the  proper  pattern  cause  apparent  changes  in  the 
parameters.  One  may  list  the  difference  in  parameters  before  and  after 
irradiation  for  the  12  absorbers  from  run  521  to  532.  The  results  are:  for 
Hf(a)  a  decrease  of  6  :a6  and  Hf(b)  a  decrease  of  7  if).  These  cannot  be  con¬ 
sidered  significant  and  may  be  due  in  part  to  a  slight  drift  in  scale  calibra¬ 
tion  between  the  start  and  the  end  of  the  work.  When  compared  to  runs  510 
and  517,  which  were  made  about  the  same  time,  these  high  radiations  runs 
averaged  very  nearly  the  same  Hf's.  The  increase  in  average  center  shift 
after  irradiation  was  -0.01  for  (a)  and  0.06  for  (b).  The  decrease  ih  average 
e  was  0. 032  for  (a)  and  0. 005  for  (b).  These  changes  are  clearly  not  signifi¬ 
cant,  especially  if  one  recalls  that  the  velocity  scale  was  0. 10  mm/sec  per 
channel.  The  data  for  the  irradiated  garnet  was  included  in  the  above  since 
its  behavior  was  the  same  as  the  ferrites. 

This  lack  of  change  in  the  Mdssbauer  spectra  upon  irradiation  substantiates 
the  results  of  the  magnetic  measurements  of  the  irradiated  samples,  indica¬ 
ting  that  there  were  no  significant  changes  in  the  composition  or  chemical 
structure  of  the  materials. 
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4. 19.  4  Significance 

The  M'deebauer  effect  is  recognized  to  be  one  of  the  most  sensitive  types 
of  experiments  for  investigation  of  the  details  of  the  internal  structure  of 
materials.  It  is  applicable  only  to  those  materials  possessing  atoms  with 
suitable  nuclear  moment.  To  study  the  failure  mechanisms  that  high  energy 
radiation  may  introduce  into  solid  state  materials,  this  effect  has  been  used 
on  ferrites  of  two  types,  at  temperatures  from  liquid  nitrogen  to  100* C,  and 
at  radiation  doses  from  zero  to  10^^  rads.  The  result  from  the  Mdssbauer 
studies  confirms  magnetic  measurements  that  the  total  irradiation  used 
produces  little  measurable  change  in  the  composition  or  structure  of  the 
materials  studied.  The  results  have. accomplished  the  preliminary  require¬ 
ment;  namely,  of  essentially  identifying  the  ion  assignments  and  structure 
in  the  ferrites  used.  Following  this,  they  have  shown  that  (1)  any  change  in 
the  electrical  properties  of  the  ferrite  type  studies  which  may  be  observed 
following  high  energy  electron  irradiation  up  to  10^^  rads  must  be  caused  by 
other  than  gross  structural  changes  in  the  material,  (2)  further  experimental 
work  should  be  undertaken  with  more  precise  spectra  and  better  resolution 
to  seek  additional  effects  such  as  whether  an  ion  with  a  small  Hf  exists  at 
room  temperature  before  or  after  irradiation,  and  (3)  heavy  particle  irradia¬ 
tion  measurements  (e.  g. ,  proton  bombardment)  should  be  made  to  enhance 
the  gross  structural  damage  which  can  occur  to  the  ferrite  structure. 
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4. 20  HIGH  ENERGY  RADIATION  INDUCED  FAILURE  IN  THE  SOUD  STATE: 
ELECTRON  DAMAGE  TO  CAPACITANCE  AND  PARTICLE  DETECTION 
CAPABIUTY  OF  SI  DIODES 

Multiple  measurements  were  '.oade  on  five  pairs  of  charged- particle- 
counting  Si  diodes  of  various  resistivities,  both  p-type  and  n-type,  as  a  func¬ 
tion  of  irradiation  with  2  Mev  electrons.  To  identify  and  study  the  failure 
mechanisms,  the  most  sensitive  property  available  was  studied;  namely,  the 
capacitance  of  the  diode.  It  is  known  that  the  capacitance  is  not  only  sensi¬ 
tive  to  radiation  but  its  change  with  radiation  does  not  agree  with  existing 
solid  state  theory. 

In  an  "abrupt"  p-n  junction  the  capacitance  varies  with  bias  voltage  as 

C  *yn/(V  +  V^),  where  n  is  the  concentration  of  free  charge  carriers  and 

the  barrier  potential.  Although  n  is  known  to  decrease  during  neutron 

and  charged  particle  bombardment,  recent  fast  neutron  damage  experiments 

have  shown  the  capacitance  of  Si  diodes  to  increase  during  irradiation. 

The  diode  capacitances  were  measured  as  functions  of  bias  voltage,  by 

two  independent  methods,  at  intervals  during  the  irradiation.  The  n-type 

14 

base  diodes  failed  mechanically  after  a  dosage  of  less  than  4  x  10 

electrons/cm^.  The  10,000  ohm-cm  p-type  diodes  increased  about  130 

14  /  2 

percent  in  capacitance  after  exposure  to  4  x  10  electrons/ cm  .  No  change 

was  observed  in  the  lower  resistivity  diodes  during  this  period.  Subsequent 
16  2 

irradiation  to  7  x  10  electrons/ cm  produced  little  change  in  the  magnitude 
of  capacitance  in  any  of  the  diodes.  The  relation  between  capacitance  and 
applied  bias  did  change,  the  exponent  in  the  relationship  C  fi(V  -l-  ^ 

decreasing  from  the  initial  value  of  0. 5  to  about  0.  33.  Some  annealing 
occurred  at  room  temperature  following  the  bombardment.  Changes  in 
counting  characteristics  are  also  discussed. 

4.20.1  Purpose  and  Significance 

Nuclear  radiations  are  becoming  more  important  as  an  environmental 
factor  in  military  and  space  electronics.  Damaging  radiation  effects  have 
consequently  become  an  integral  part  of  the  study  of  failure  electronic 
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systems.  Of  all  the  components  and  parts  used  in  electronic  systems, 
diodes  and  transistors  are  among  the  most  vulnerable  to  radiation  damage. 

In  Si,  the  effects  of  irradiation  with  various  types  of  nuclear  particles  (and 
gamma  rays)  have  been  extensively  studied,  and  rather  well  verified  tiieoreti- 
cal  models  are  available  to  describe  the  operation  of  diodes  and  bipolar 
transistors  and  to  predict  their  behavior  in  radiation  fields.  This  useful 
theoretical  structure,  however,  disagrees  greatly  with  the  observed  be> 
havior  in  one  area;  the  change  in  junction  capacitance  with  exposure  to  radia* 
tion.  Change  in  j\mction  capacitance  affects  the  operation  of  both  diodes  and 
transistors,  and  is  particularly  serious  in  the  high  resistivity  surface  junc¬ 
tion  diodes  now  finding  increasing  use  as  charged  particle  energy  spectrom¬ 
eters. 

This  report  describes  a  study  of  the  effects  of  2  Mev  electron  irradiation 
on  Si  p-n  junction  particle  detectors  having  several  different  values  of  base 
material  resistivity.  The  study  had  two  purposes:  (1)  to  determine  the  rate 
of  change  of  junction  capacitance  with  electron  dosage,  as  an  initial  step 
toward  understanding  the  mechanism  of  capacitance  change,  and  (2)  to 
measure  the  effects  of  electron  dosage  on  the  operation  of  Si  p-n  junction 
particle  detectors. 

The  intention  of  the  full  program  of  studying  radiation-induced  capacitance 
changes  is  to  explain  the  variation  of  capacitance  with  radiation  dosage  in 
terms  of  the  otherwise  fairly  satisfactory  theoretical  models  of  radiation 
damage  in  simple  Si  devices.  Extension  of  these  theoretical  models  to  in¬ 
clude  the  presently  anomalous  capacitance  changes  should  make  possible 
the  prediction  of  radiation  effects  on  Si  diodes,  transistors,  and  many  other 
types  of  Si  solid  state  components.  To  do  this  will  require  an  imderstanding 
of  the  nature  of  the  defects  introduced  by  radiation  of  various  types  and  the 
detailed  mechanisms  by  which  they  affect  jvinction  capacitance.  The  work 
reported  here  was  an  initial  step  in  this  program;  the  study  of  capacitance 
changes  as  functions  of  one  parameter,  the  resistivity  of  the  junction  base 
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material,  induced  by  exposure  to  one  type  of  damaging  radiation.  These 
changes  were  studied  in  a  particular  type  of  diode,  the  abrupt  surface  Junc¬ 
tion  diodes  used  for  detection  and  energy  measurement  of  charged  particles 
and  other  radiations.  This  type  of  jimction  was  appropriate  for  the  study  of 
capacitance  changes  because  the  capacitance  of  an  abrupt  junction  is  de¬ 
scribed  by  a  particularly  simple  model.  Also,  the  previous  instances  of 
anomalous  radiation  induced  capacitance  changes  were  observed  in  similar 
devices. 

A  second  motivation  for  the  present  study  was  the  need  for  more  knowledge 
of  charged  particle  damage  to  Si  surface  junction  particle  detectors.  These 
detectors  are  increasingly  used  to  study  energetic  charged  particle  fltixes 
in  space.  The  rather  large  incidence  of  damaging  particles  in  the  Van  Allen 
and  solar  flare  radiations  can  be  expected  to  cause  significant  permanent 
damage  to  Si  particle  detectors  in  some  space  missions.  Since  energetic 
electrons  are  a  major  constituent  of  these  radiations,  the  direct  observation 
of  the  effects  of  electron  irradiation  on  counting  properties  was  thought  to  be 
highly  pertinent.  Because  the  particle  detecting  junctions  were  of  the  tyi>e 
most  appropriate  for  the  capacitance  studies,  it  was  possible  to  pursue  both 
investigations  simultaneously. 

4.20.2  Scientific  Background  to  the  Measurements 
4.20.2. 1  Bulk  Radiation  Effects 

In  xxiany  semiconductor  devices,  the  device  characteristics  can  be  inter¬ 
preted  in  terms  of  eight  bulk  parameters  -  the  concentrations  of  electrons 
and  holes,  the  lifetime  of  excess  carriers,  the  drift  mobilities,  and  the 
diffusion  constants.  The  important  effect  of  bombardment  by  energetic 
charged  particles  or  fast  neutrons  is  to  displace  atoms  from  their  normal 
lattice  sites,  thus  creating  vacancy- interstitial  pairs  (Frenkel  defects). 

These  defects  act  as  trapping  centers  to  decrease  the  excess  majority 
carrier  concentration,  as  recombination  centers  to  decrease  the  minority 
carrier  lifetime,  and  as  scattering  centers  to  reduce  the  carrier  mobilities. 
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Considerable  quantitative  knowledge  of  the  rates  of  decrease  of  these  bulk 
parameters  in  Si  due  to  bombardment  with  various  particles  has  been 
obtained  by  Wertheim  (references  21,  22,  and  23)  and  by  many  others  (ref¬ 
erence  24).  The  operation  of  Si  abrupt  junction  diodes  is  described  rather 
accurately  in  terms  of  the  above  parameters,  in  the  absence  of  radiation 
damage,  by  the  Sah-Shockley  extension  (reference  25)  of  the  Shockley-Read 
theory  (reference  26).  Easley  (reference  27)  and  others  (reference  28)  have 
shown  that  the  effects  of  irradiation  on  the  current  gain  of  bipolar  transistors 
can  be  accurately  interpreted  in  terms  of  the  known  rates  of  change  of  the 
bulk  parameters.  In  contrast,  recent  fast  neutron  damage  experiments  on  Si 
junctions,  (references  15  and  16)  have  shown  serious  departures  from  the 
expected  behavior  of  capacitance. 

4.  20.  2.  2  Capacitance  of  Abrupt  Junctions 

The  theory  describes  the  capacitance  (C)  of  an  abrupt  p-n  junction  in  terms 
of  the  majority  carrier  concentration  in  the  base  material  (n)  and  the  applied 
reverse  bias  voltage  (V)  as 

C  =  Kn^/^  (V  +  (77) 

where  K  is  a  constant  and  V.  is  the  "built-in"  barrier  voltage  (usually  about 

®  -12 

0.  55  volt  for  high  purity  Si).  If  C  is  given  in  pf  (1  pf  =  10  farad),  V  and 

V.  in  volts,  and  n  in  cm  then  the  constant  K  equals  10^  A(Ke/8)r)^^^, 

where  K  is  the  dielectric  constant  of  Si  (11.  8),  A  is  the  junction  area  in  cm  , 

-19 

and  e  is  the  electronic  charge  (1.  6  x  10  coulombs).  Equation  28  has  been 
found  to  hold  for  a  wide  variety  of  abrupt  junctions,  including  the  shallow 
diffused  and  surface  barrier  junctions  used  for  particle  detection,  in  the 
absence  of  radiation  damage.  The  term  abrupt  applies  to  a  junction  in  which 
the  region  over  which  the  net  carrier  concentration  changes  from  p  to  n  is 
narrow  compared  to  the  width  of  the  high  field  region.  The  use  of  equation 
28  also  implies  that  the  net  concentration  of  acceptor  or  donor  sites  in  the 
base  region  is  very  small  compared  to  the  net  concentration  in  the  region  of 
opposite  type.  Under  these  conditions,  the  high  field  region  extends  entirely 
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into  the  base  region,  and  th^  origin  of  equation  28  can  be  interpreted  quite 
•imply.  If  p-type  and  n-type  Si  are  brought  into  perfect  contact,  a  diffusion 
of  electrons  and  holes  across  the  bouxMlary  begins  and  must  coi^inue  to 
equilibrium;  i.  e. ,  until  enough  charge  has  been  exchanged  to  produce  an 
electric  field  just  sufficient  to  oppose  the  transfer  of  further  charge.  This 
creates  a  region  with  a  rovighly  constant  electric  field,  E,  from  which  all 
charge  has  been  removed  to  the  boundaries.  If  the  width  of  this  space  charge 
region  is  d,  the  field,  written  in  rationalized  mks  units,  must  be 
E  =  o/c  =  dne/ e.  The  resulting  potential  difference  is  (V  +  V^)  =  Ed  «  d^ne/c. 
The  capacitance  is  simply  that  of  a  parallel  plate  capacitor,  where  C  =  eA/d. 
Combining  these  two  relations,  we  have  C  =  A  {e  ne)^^^  (V  +  Re¬ 

writing  this  in  the  units  of  equation  28,  we  have  C  =  10^  A(Ke/3. 

(V  -I-  V^)  The  difference  of  about  2^^^  in  the  constant  is  a  consequence 

of  the  electric  field  being  not  quite  constant. 

The  n  in  equation  28  is  found  to  be  identical  to  the  excess  majority  carrier 
concentration  (which  we  shall  call  n'),  which  is  determined  by  conductivity  or 
Hall  voltage  measurements.  Fast  neutron  irradiation  and  irradiation  with 
most  types  of  charged  particles  is  known  to  reduce  n  at  a  roughly  linear  rate, 
and  migllfe  consequently  be  expected  to  cause  C  to  decrease.  In  one  experi¬ 
ment  at  this  laboratory  (reference  28),  the  capacitance  of  a  5000  ohm-cm 
phosphorous  diffused  (p-type  base)  Si  surface  junction  was  seen  to  increase 
with  fast  neutron  dosage  at  a  roughly  constant  rate.  From  the  forward  volt¬ 
age  drop  at  the  diode,  n'  was  inferred  to  have  decreased  as  expected.  The 
author  has  also  observed  apparent  increases  in  capacitance  due.  to  alpha 
particle  bombardment.  Similar  increases  in  the  capacitance  of  5000  ohm- 
cm  p-type  junctions  upon  irradiation  with  reactor  neutrons  have  been  observed 
recently  by  Kramer  (reference  30). 

The  core  of  the  problem  is  clearly  the  exact  identification  of  the  two 
charge  carrier  populations  n'  and  n.  Conductivity  measurements  give  the 
sum  over  all  types  of  movable  charge  of  the  charge  concentrations  multiplied 
by  their  respective  drift  mobilities.  Since  only  electrons  and  holes  have 
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large  mobilities,  conductivity  measurements  indicate  only  electron  and  hole 
populations;  i.  e. ,  n'  is  the  concentration  of  free  electrons  and  holes.  Ca¬ 
pacitance,  on  the  other  hand,  is  affected  by  any  charge  that  can  be  separated 
by  the  junction  field,  even  though  the  separation  takes  place  very  slowly. 

Thus,  the  popiilation  n  might  also  include  charged  defect  sites  with  low 
mobilities,  as  well  as  electrons  and  holes  from  deep-lying  defect  sites  which 
are  normally  un-ionized.  Apparently  such  additional  defect  sites  are  not 
important  in  unirradiated  Si,  but  become  more  prevalent  with  irradiation. 
Thus,  the  thorough  examination  of  defect  sites  introduced  by  irradiation  be¬ 
comes  a  direct  approach  to  the  understanding  of  the  anomalous  capacitance 
changes.  Many  of  the  low-lying  defect  sites  may  be  ionized  or  un-ionized, 
depending  on  the  Fermi  level  in  the  Si.  For  this  reason,  a  variation  of  the 
Fermi  level,  accomplished  by  studies  of  diodes  of  different  base  material 
resistivities,  was  selected  as  the  first  phase  of  investigation.  Later  studies 
will  investigate  the  nature  of  the  defect  levels  in  bulk  Si  by  the  more  direct 
methods  customarily  employed. 

4.  20.  2.  3  Counting  Characteristics  of  Particle  Detectors 

The  use  of  high  resistivity  Si  surface  p-n  junctions  for  the  measurement 

of  charged  particle  (references  31  and  32)  and  neutron  (reference  33)  fluxes 

has  expanded  greatly  in  recent  years.  The  mechanism  of  counting  and  energy 

measurement  is  thoroughly  treated  in  the  literature  cited  above.  Briefly,  as 

an  energetic  charged  particle  traverses  the  high  field  region  of  a  Si  junction, 

it  ionizes  a  number  of  electron-hole  (e-h)  pairs,  equal  to  £/p,  where  E  is 

the  energy  lost  by  the  particle  in  traversing  the  high  field  region,  in  electron 

volts  (ev),  and  p  is  the  average  energy  required  for  ionization,  3.  5  ev  in  Si. 

The  e-h  pairs  are  separated  by  the  junction  field,  and  collected  at  the  con- 

-8 

tacts  in  a  time  usually  of  the  order  of  10  second.  This  charge  can  be 
treated  in  several  ways  to  provide  a  pulse  output  which  is  accurately  pro¬ 
portional  to  the  energy  lost  by  the  energetic  particle.  If  the  minority  carrier 
lifetime  is  not  long  compared  to  the  collection  time,  some  of  the  pulse  energy 
will  be  lost  due  to  recombination.  Detectors  are  normally  operated  under 


relatively  high  applied  reverse  bias  voltages  in  order  to  widen  the  high  field 
region  and  to  reduce  the  Junction  capacitance.  Paranneters  important  to  the 
proper  operation  of  such  detectors  are  junction  capacitance,  reverse  leakage 
current,  noise  level,  thickness  of  dead  layer,  and  charge  collection  efficiency. 
The  term  dead  layer  represents  the  thin,  heavily  doped  surface  region  in 
which  the  carrier  lifetime  and  the  field  strength  are  so  low  that  no  charge 
can  be  collected.  Consequently,  a  particular  type  of  particle  will  lose  a 
characteristic  amount  of  energy  in  entering  the  detector  which  is  not  included 
in  the  output  signal.  The  charge  collection  efficiency  is  the  fraction  of  charge 
which  is  collected  from  the  high  field  region  before  undergoing  recombi¬ 
nation.  In  good  Si  detectors,  it  closely  approaches  unity. 

The  available  information  on  radiation  damage  to  the  counting  properties 
of  Si  particle  detectors  is  rather  scanty.  The  studies  by  Westinghouse  and 
by  Kramer  of  fast  neutron  damage  effects  in  5000  ohm-cm  detectors  have 

shown  increases  in  diode  capacitances,  leakage  currents,  and  pulse  rise 

12 

times  to  ensue  at  integrated  fluxes  of  about  10  nvt.  Kramer  also  observed 
pronounced  degradations  of  pulse  height  resolution.  Klingensmith  (ref¬ 
erence  34)  observed  that  the  response  of  Au-Si  surface  barrier  (n-type  base) 

detectors  to  monoenergetic  a  particles  began  to  deteriorate  after  exposure  to 
12 

roughly  10  nvt  fission  nexitrons.  He  observed  a  broad  secondary  peak  in 
the  lower  portion  of  the  pulse  height  distribution  which  contained  progressively 
more  counts  imtil  it  eventually  replaced  the  original  peak.  Other  workers 
have  found  rather  erratic  changes  of  capacitance  and  pulse  height  resolution 
in  Au-Si  surface  barrier  detectors  (reference  35). 

4.  20.  3  Irradiation  and  Measurement 

4.  20.  3.  1  General  Description  of  Experiment 

Ten  detectors  were  simultaneously  irradiated  with  2  Mev  electrons  at  flux 
rates  varying  from  5  x  10^^  to  5  x  10^^  electrons/cm^-sec.  The  detectors 
were  mounted  in  a  linear  array  within  a  sealed  target  chamber,  (figure  82), 
which  contained  pure  He  gas  maintained  at  a  pressure  five  to  nine  mm  of  Hg 
greater  than  ambient.  The  electron  beam  was  magnetically  swept  along  the 
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Figure  82.  View  of  Target  Box  Following  Irradiation, 

Showing  Swollen  Surface  Barrier  Detectors 

detector  array  100  times  per  second,  entering  the  target  chamber  through  a 
5>mil  Oural  window.  The  maximiun  detector  temperature  was  monitored  by 
mounting  an  eleventh  detector,  equipped  with  a  thermocouple,  at  the  position 
of  maximum  average  beam  intensity.  This  detector  was  physically  identical 
to  the  neighboring  units  mounted  in  high  flux  positions.  The  highest  temper¬ 
ature  recorded  was  42” C. 

Integrated  electron  flux  density  was  determined  in  two  ways:  (1)  The  flux 
pattern  was  mapped  with  a  chemical  dosimeter  (du  Pont  MCS-300  light  blue 
cellophane),  (reference  34),  and  the  total  beam  current  was  collected  and  in¬ 
tegrated.  The  relative  flux  densities  obtained  from  the  cellophane  measure¬ 
ments  were  normalized  by  reference  to  the  integrated  beam  current.  Since 
no  suppression  potentials  were  used,  and  the  geometry  was  not  simple,  the 
current  measurements  were  probably  between  zero  and  40  percent  low  be¬ 
cause  of  electron  backscatter.  (2)  The  cellophane  measurements  were 
interpreted  directly  in  terms  of  the  energy  absorbed  per  unit  volume  (Rad), 
to  an  accuracy  of  about  20  percent,  then  converted  to  electron  dosage  with 
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an  ovavall  uncertainty  of  perhaps  40  percent.  The  two  methods  of  normal¬ 
isation  agreed  well  within  the  expected  error  limits.  Relative  dosages  be¬ 
tween  different  detectors  were  uncertain  to  about  15  percent. 

The  irradiation  was  interrupted  at  intervals  and  measurements  taken  in 
situ.  The  characteristics  measured  were: 

a.  Variation  of  capacitance  with  applied  bias  voltage,  by  division  of 
known  voltage  pulses  between  a  reference  capacitor  aind  the  unknown  ca¬ 
pacitance. 

b.  Variation  of  a-particle  pvilse  heights  with  bias  voltage,  observed 
with  a  charge  sensitive  amplification  system  (CSA).  The  alpha  particles 
were  derived  from  a  thin  film  of  U-234,  electroplated  on  Pt  foil. 

c.  Variation  of  a  pulse  heights  with  bias  voltage,  observed  with  a  volt¬ 
age  sensitive  amplification  system  (VSA). 

d.  Current-voltage  (I-V)  characteristics. 

The  CSA  measurements  indicated  the  charge  collection  efficiencies  as  func¬ 
tions  of  bias  voltage.  With  the  amount  of  charge  collected  from  incident 
monoenergetic  a  particles  (Q)  known,  the  VSA  measurements  provided  in¬ 
dependent  estimates  of  the  detector  capacitances  (C),  because  the  voltage 

pulse  generated  must  be  proportional  to  Q/(C  +  C  ),  (where  C  represents 

8  8 

the  total  shunt  capacitance  of  the  circuit).  Overall  pulse  height  resolutions 
were  also  determined  from  the  CSA  measurements.  The  effects  of  angular 
separation  of  the  U-234  sources  and  the  detectors,  and  the  lengths  of  the 
a  particle  paths  through  the  He  gas,  represented  a  considerable  portion  of 
the  observed  resolution  width  in  some  cases.  Pulse  rise  and  decay  times 
were  observed  in  all  cases  in  order  to  estimate  their  influence  on  the 
observed  pvilse  heights. 

4.  20.  3.  2  Measurement  Circuits 

Figure  83  is  a  simplified  sketch  of  the  measurement  circuits  intended  to 
show  the  separate  functions  clearly.  The  equipment  actually  used  consisted 
of  the  single  complicated  circuit  shown  in  figure  84.  Except  for  the  readout 
instruments,  pulse  generators,  and  pulse  amplifiers,  the  circuitry  of 
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A.  CUmiCNT-VOLTAOE  CHARACTeRiSTICS 


B.  CAPACITANCE  BY  VOLTAGE  PULSE  DIVISION 


C.  ALPHA  PULSE  MEASUREMENTS 


Figure  83.  Simplified  Sketch  of  Measurement  Circuitry. 
DC  Blocking  Capacitors.  Calibration  Inputs, 
and  Switching  Details  Are  Omitted. 


figure  84  was  contained  in  a  chassis  box  which  was  positioned  in  the  electron 
beam  of  the  Van  de  Graaff  and  served  as  a  mount  for  the  sample  diodes. 
Combination  of  the  circuitry  in  the  target  box,  and  the  careful  wide-spaced 
construction  of  the  circuitry,  made  possible  the  relatively  low  shunt  ca¬ 
pacitances  (referred  to  below  as  and  required  for  accurate  pulse 
measurements.  The  input  stage  of  the  VS  preamplifier  was  also  built  into 
the  box  in  order  to  minimize  the  input  capacitance.  Ten  detectors  were 
mounted  in  a  linear  array  on  the  top  surface  of  the  box,  at  intervals  of  about 
1  cm.  The  electron  beam  was  swept  along  this  line,  providing  a  nonuniform 
beam  intensity  (by  a  factor  of  two)  which  was  mapped  to  define  the  flux 
intensity  at  each  detector  position.  The  intensity  variation  over  the  area  of 
any  particular  detector  was  negligible.  The  top  surface  of  the  box  consisted 
of  a  3/8-inch  thick  A1  plate  on  which  the  samples  were  mounted,  with  a  5-mil 
Dural  foil  about  1/2  inch  above  the  samples.  He  gas  was  fed  into  this  top 
space  at  slightly  greater  than  atmospheric  pressure,  leaked  past  the  A1  plate 
into  the  circuitry  compartment,  and  was  removed  at  the  bottom  while  still  at 
about  5  mm  of  Hg  above  atmospheric  pressure.  The  A1  plate  also  served  to 
protect  the  circuitry  from  the  electron  beam.  Individual  U-234  a -particle 
sources  were  mounted  above  each  detector  at  such  an  angle  that  they  did  not 
shadow  the  detectors  from  the  electron  beam.  The  detectors  were  slightly 
tilted  so  that  the  a -particles  were  perpendicularly  incident  on  the  average, 
thus  minimizing  the  spread  in  energy  loss  in  the  He  gas  and  the  detector 
dead  layers.  Source  and  detector  geometries  were  carefully  measured. 

Referring  again  to  figure  83,  the  VSA  shown  was  used  for  both  pulse 
division  anda-pulse  measurements.  The  complete  amplification  system  had 
a  rise  time  of  1  psec  and  a  decay,  supplied  by  RC  clipping,  with  a  13-psec 
time  constant.  However,  since  the  preamplifier  output  was  undipped,  and 
rose  in  less  than  0.  2  psec,  a  true  representation  of  the  pulse  rise  and  decay 
times  was  obtained  at  the  oscilloscope  (not  shown  in  figure  83).  In  both 
measurements  (a  and  c  above),  the  observed  pulse  voltage  initially  increased 
with  a  rise  time  characteristic  of  the  detector,  the  bias  voltage,  and  C^. 
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In  nearly  all  cases  (exceptions  are  discussed  under  "results"),  this  rise 
time  was  short  (<0.  5  psec)  compared  to  the  13  psec  clipping  time,  and  the 
maximum  pulse  height  was  well  represented  at  the  pulse  height  analyzer. 

The  total  shunt  capacitance  (C^)  was  measured  for  each  detector  position, 
and  ranged  from  20  pf  to  23  pf.  In  the  pulse  division  measurements,  the 
relevant  shunt  capacitance  was  the  interlead  capacitance  (C^).  This  was  in 
the  range  6.  0  ±0.  3  pf  for  all  detector  positions.  Several  alternate  values  of 
bias  isolation  resistance  (R),  ranging  from  50  kohms  to  5  megohms  were 
available  to  compensate  for  the  changes  in  detector  resistance  resulting  from 
irradiation.  Two  values  of  the  reference  capacitance  (C^),  490  pf  and  5790  pf, 
were  supplied  in  order  to  accommodate  the  full  range  of  detector  capacitances. 

The  CSA  was  used  in  two  ways:  To  measure  resolution  the  double  RC 
clipping  at  about  1.  5  psec,  provided  in  the  preamplifier,  was  used.  This 
provided  the  minimum  noise  level,  but  underestimated  some  charge  pulse 
heights  because  of  long  detector  rise  times.  To  measure  the  amount  of 
charge  collected,  the  pulse  shaping  was  removed  from  both  the  preamplifier 
and  amplifier,  resvilting  in  system  decay  times  on  the  order  of  50  psec.  All 
CS  measurements  were  normalized  to  the  charge  pulse  generator  contained 
in  the  ORTEC  charge- sensitive  amplifier.  The  charge  pulse  generator  was 
calibrated  from  the  pre-irradiation  a-pulse  heights  and  the  known  a-particle 
energy,  taking  into  account  the  energy  losses  in  the  source  (<  10  Kev),  in  the 
He  gas  ('^  230  Kev),  and  in  the  detector  dead  layers  (~  20  Kev  for  the  surface 
barrier  detectors,  ~300  Kev  for  the  diffused  junction  detectors). 

The  voltage  pulse  division  method,  illustrated  by  circuit  B  in  figure  83, 
provided  capacitance  measurements  of  greater  precision  than  could  be 
obtained  with  either  the  a-particle  pulse  height  methods  or  with  the  several 
types  of  impedance  bridges  which  were  tried.  A  quick  rising  (<  0.  1  psec), 
slow  falling  (>  150  psec)  60  cps  voltage  pulse  of  magnitude  is  applied  by 
the  pvilse  generator.  This  is  followed  by  an  immediate  rise  of  the  voltage 
at  the  amplifier  input  (S)  to  the  value  S  =  S  C./(C.  +  C  +  C),  where  C  is 

C  i  1  IT  8  8 

the  capacitance  to  ground  of  all  wiring  directly  connected  to  the  preamplifier 


249 


input  (including  the  input  capacitance  of  the  preamplifier),  and  is  the 
interlead  capacitance  between  all  wiring  directly  connected  to  the  pulse  gen¬ 
erator  (the  d-c  ground  for  the  detector  diode)  and  the  wiring  connected  to  the 
VSA  input.  The  initial  rise  is  followed  by  a  further  rise  to  the  value 

S  =  S  (C  +  C.)/(C  +  C,  +  C  +  C  ),  (78) 

o  r  i  r  s'  '  ' 

during  a  period  given  approximately  by  the  rise  time  of  the  detector.  The 
total  rise  time  is  usually  less  than  0.  5  psec.  S  then  falls  with  a  time  con¬ 
stant  that  is  roughly  the  shortest  among  the  three  decay  times  represented 
by  the  pulse  generator  (t  >  150  psec),  the  d-c  isolation  resistor 
(t  R  (C^  +  C^)),  and  the  leakage  path  through  the  detector  (t  ~  (C^  +  C^)), 

where  R^  is  the  inverse  resistance  of  the  detector  at  this  applied  bias  voltage. 
If  this  overall  decay  time  and  the  VSA  decay  time  are  both  long  compared  to 
the  detector  rise  time,  equation  78  above  will  give  exactly  the  maximum 
pulse  height  at  the  amplifier  input.  This  pulse  height,  times  the  gain  of  the 
VSA,  is  analyzed  and  stored  in  the  pulse  height  analyzer.  At  intervals,  the 
pulse  generator  is  connected  directly  to  the  amplifier  input,  and  the  generator 
output  times  the  VSA  gain  is  stored  in  the  pulse  height  analyzer.  By  match¬ 
ing  these  two  outputs  at  the  pulse  height  analyzer,  we  treat  the  amplification 
system  and  pulse  height  analyzer  as  a  null  detector  and  thus  measure  S 
directly.  The  ratio  S/S^  depends  only  on  the  linearity  of  the  attenuating 

potentiometer  on  the  pulse  generator.  Since  C.,  C  ,  and  C  are  all  known, 

1  r  s 

the  detector  capacitance  C  is  readily  calculated  from  equation  78.  This 
procedure  is  repeated  for  each  detector  at  a  number  of  bias  voltages  during 
each  measurement  cycle. 

The  conditions  on  signal  rise  and  decay  time  which  apply  to  equation  78 
are  roughly  the  inverse  of  the  maximum  and  minimum  frequencies  between 
which  an  accurate  a-c  bridge  measurement  could  be  made.  The  pulse 
division  measurement  has  the  advantage  that  the  maximum  pulse  corresponds 
automatically  to  the  optimum  frequency  for  an  a-c  bridge  measurement. 

Also,  the  pvilse  division  method  is  empirically  more  precise  than  those 
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bridge  systems  the  use  of  which  was  attempted.  Figure  85  shows  a  com¬ 
parison  of  bridge  and  pulse  division  methods.  An  RCA  detector  of  the  type 
of  samples  la  and  lb  (see  below)  was  measured  by  both  methods,  and  the 
resulting  capacitances  are  shown  in  figure  85  as  functions  of  bias  voltage. 
The  observed  absolute  values  are  shown  to  agree  quite  well,  but  the  scatter 
in  the  values  obtained  by  bridge  measurement  is  considerably  greater.  The 
slight  break  in  the  trend  of  pulse  division  value  corresponds  to  a  substitution 
for  the  voltmeter  used  to  measure  bias  voltages.  The  two  voltmeters  were 
apparently  not  well  intercalibrated. 


Figure  85.  Capacitance  vs  Bias  of  Abrupt  Junction  Si  Diode, 
by  Two  Methods  (Break  in  Plotted  Line  Corresponds 
to  the  Substitution  of  One  Voltmeter  for  Another) 


A  more  complete  analysis  of  the  pulse  division  measurements,  including 
the  effect  of  various  time  constants,  is  given  in  paragraph  4.  20.  6.  An 
equation  is  derived  which  may  be  used,  with  some  labor,  to  calculate 
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corrections.  Such  corrections  were  estimated  for  several  cases,  and  found 
to  be  minor  in  most  cases. 

The  measurements  of  I-V  characteristics  were  quite  straightforward,  the 
usual  corrections  being  made  for  voltage  drops  and  shunt  current  paths. 

4.  20.  3.  3  Sample  Detectors 

Five  pairs  of  detectors  differing  in  initial  base  material  resistivity  were 
studied.  They  were: 

a.  la,  lb  RCA  (of  Canada)  type  A-4-250-2.  0;  resistivity  nominally 
10,  000  ohm-cm  p-type. 

b.  2a,  2b  RCA  (of  Canada)  type  A-3-250-2.  0;  resistivity  nominally 
1000  ohm-cm  p-type. 

c.  3a,  3b  RCA  (of  Canada)  type  C -2-25-2.  0;  resistivity  nominally 
100  ohm-cm  p-type. 

d.  4a,  4b  ORTEC  type  20A-20;  resistivity  nominally  300  ohm-cm  n- 

type. 

e.  5a,  5b  ORTEC  type  16B-20;  resistivity  nominally  3000  ohm-cm 
n-type. 

Each  pair  of  detectors  was  intended  to  be  identical,  and,  in  fact,  the  observed 
characteristics  and  radiation  induced  changes  were  essentially  equal  for  each 
pair.  An  eleventh  detector  (RCA  type  A-4-250-2.  0)  was  employed  in  a  prior 
check  irradiation,  then  used  as  the  temperature  monitor  mentioned  pre¬ 
viously.  The  ORTEC  detectors  had  square  areas  4  mm  on  a  side.  They 
were  Au-Si  surface  barrier  detectors  with  Au  contact  layers  of  50  to  lOOpg/ 
cm^,  and  initial  resolutions  (full  width  at  half  maximum  for  5  Mev  a-particles) 
on  the  order  of  25  Kev.  The  RCA  detectors  were  p-n  junctions  with  a  nominal 
phosphorus  diffusion  depth  of  2  microns,  leading  to  a  "dead  layer"  of  about 

300  Kev  for  5  Mev  a-particles.  The  active  areas  of  types  A  and  C  are  cir- 

2 

cular,  about  5  and  20  mm  respectively;  the  total  diode  areas  are  somewhat 

2 

larger,  respectively  14  and  37  mm  .  The  actual  resistivities,  as  indicated 
by  these  junction  areas  and  the  observed  pre-irradiation  values  of  ca¬ 
pacitance  were  quite  close  to  the  nominal  values,  except  for  detectors  3. 
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The  respective  values  of  resistivity  were;  10,000  and  10, 100  ohm-cm  for  de¬ 
tectors  1,  810  and  670  ohm-cm  for  detectors  2,  130  and  140  ohm-cm  for 
detectors  3,  380  and  400  ohm-cm  for  detectors  4,  and  3500  and  29C0  ohm-cm 
for  detectors  5. 

4.  20.  4  Results 

4.  20.  4.  1  Surface  Barrier  Detectors 

These  samples  failed  almost  immediately  because  of  an  unfortunate 
sensitivity  of  the  supporting  structure  to  electron  damage.  Consequently,  no 
information  was  obtained  concerning  electron  irradiation  effects  on  the  sur¬ 
face  barrier  itself.  After  the  first  irradiation  (an  integrated  dosage  of  less 
than  4  X  10  electrons/cm  ),  one  of  the  detectors  showed  no  electrical  con¬ 
tact  and  the  other  three  had  ceased  to  operate  normally,  generating  poor 
quality  a-pulses  of  nearly  full  amplitude  but  opposite  polarity.  This  peculiar 
counting  mechanism  is  unexplained.  At  the  conclusion  of  the  experiment, 
the  target  chamber  was  opened  and  the  surface  barrier  detectors  were  in¬ 
spected.  In  these  devices,  the  Au-Si  junction  is  held  in  a  disk  of  potting 
compound,  which  is  normally  flat.  This  potting  compound  now  had  almost 
the  texture  of  foamed  silica,  and  had  swollen  until  the  former  upper  surface 
of  the  disk  formed  a  hemisphere  which  had  raised  the  Au-Si  disk  above  its 
original  position  sufficiently  to  destroy  the  normal  electrical  contact.  A 
photograph  of  these  detectors,  taken  just  after  the  irradiation,  was  shown 
in  figure  82.  The  top  has  been  removed  from  the  target  box  and  the  four 
swollen  detectors  can  be  seen  to  the  right.  The  degree  of  swelling  is  seen  to 
be  greater  toward  the  center  of  the  target  box,  where  the  beam  was  more 
intense. 

4.  20.  4.  2  Change  in  Capacitance  of  Diffused  Junctions 

Initially,  the  capacitance  of  all  10  detectors  varied  with  bias  voltage  in 

-0  5 

the  expected  way,  C  =  B  (V  +  VA  '  ,  where  V,  is  taken  as  0.  55,  C  is  in 

2  ^  l/Z  ^ 

pf/cm  ,  and  B  is  a  constant  equal  to  Kn  /A  in  equation  77.  The  only 

exception  is  that  the  100  ohm-cm  detectors  were  best  described  by  an  ex¬ 
ponent  of  -0.  46  rather  than  -0.  5,  For  the  1000  ohm-cm  and  10,  000  ohm-cm 
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detectors,  the  two  independent  measures  of  capacitance  (pulse  division  and 
a -pulse  height)  were  in  satisfactory  agreement  throughout  irradiation  to  a 
total  integrated  dosage  of  about  2  x  10  electrons/cm  .  During  this  period, 
the  a-pulse  measurements  on  the  100  ohm-cm  detectors  tended  to  give  ca¬ 
pacitance  values  between  10  and  30  percent  lower  than  those  measured  by 
pulse  division.  From  this  time  until  the  end  of  irradiation,  capacitance  was 
measured  only  by  the  pulse  division  method.  Postirradiation  measurement 
of  capacitance  via  a  pulse  heights  proved  to  be  quite  erratic  because  of  the 
greatly  increased  leakage  currents  and  noise  levels.  The  pulse  division 
measurements  appeared  reliable,  although  correction  for  the  errors  intro¬ 
duced  by  long  rise  times  and  high  leakage  currents,  by  means  of  the  relation 
derived  in  paragraph  4.  20.  6,  is  not  yet  complete.  In  particular,  the  post¬ 
irradiation  values  for  the  1000  ohm-cm  detectors  may  require  some  modi¬ 
fication. 

Two  effects  of  electron  irradiation  on  detector  capacitance  were  observed: 
(1)  a  proportional  increase  in  capacitance  at  all  bias  voltages,  and  (2)  a 
steady  increase  in  the  capacitance  at  high  bias  relative  to  the  low  bias  values. 
The  variation  of  capacitance  with  bias  voltage  was  at  all  times  adequately 
described  by  an  equation  of  the  form  C  s  B  (V  +  0.  55)  In  these  terms, 
the  proportional  increase  in  capacitance  is  described  by  increasing  the  con¬ 
stant  B,  and  the  bias -dependent  behavior  corresponds  to  a  decrease  in  the 
exponent  m.  The  former  effect  (increase  in  B)  occurred  only  in  the  10,  000 
ohm-cm  detectors  at  the  earliest  stage  of  the  irradiation.  The  steady  de¬ 
crease  in  m  was  seen  in  all  cases  proceeding  more  rapidly  in  the  higher 
resistivity  detectors.  If  log  C  is  plotted  against  log  (V  +  0.  55),  this  latter 
effect  is  seen  as  a  steady  rotation  with  electron  dosage  of  a  straight  line 
fitting  the  observed  data.  This  is  illustrated  in  figure  86,  where  the  ca¬ 
pacitance  of  detector  2A  is  shown  as  a  function  of  bias  voltage  for  several 
levels  of  electron  dosage.  The  dots  indicate  pulse  division  measurements 
and  the  open  circles  indicate  values  computed  from  a  pulse  heights.  The 
capacitance  values  in  figure  86  at  successive  electron  dosages  are  increased 
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Figure  86.  Dependence  of  Capacitance  on  Applied  Bias  at  Several 
Dosages  for  Detector  2A.  The  Dots  Indicate  Pulse  Division 
Measurements;  the  Open  Circles  Represent  a-Particle  Data. 
Each  Successive  Curve  Is  Shown  Displaced  Upward 
by  a  Factor  of  2. 


by  factors  of  two  to  make  them  legible.  The  observed  capacitance  data  for 
all  of  the  detectors  is  tabulated  as  values  of  B  and  m.  Tables  13,  14,  and 
16  represent,  respectively,  the  10,000  ohm-cm  detectors,  the  1000  ohm-cm 
detectors,  and  the  100  ohm-cm  detectors.  The  last  few  entries  in  table  14, 


TABLE  13 


CHANGE  IN  CAPACITANCE  VERSUS  BIAS  VOLTAGE  RELATIONSHIP 
OF  10,  000  OHM-CM  DETECTORS  WITH  ELECTRON  DOSAGE.  B 
AND  m  ARE  CONSTANTS  OF  THE  EQUATION 
C  =  B  (V  +  0.  55)-“,  WHERE  V  IS  THE 
APPLIED  BIAS  IN  VOLTS.  (VALUES 
GIVEN  IN  PARENTHESIS  ARE  LESS 

RELIABLE.)  _ 


Sample 


la 


lb 


Total 

Electron 

Dosage 

{10l6/cm2) 

Time 

Since 

Irradiation 

(days) 

B 

(pf/cm2) 

-m 

0 

348 

0.  028 

745 

0.  12 

775 

0.45 

0.  35 

i 

775 

0.41 

1.  0 

675 

0.35 

1.7 

655 

0.32 

3.  2 

635 

0.27 

5.  6 

0 

570 

0.  27 

5.  6 

2 

725 

0.32 

5.  6 

15 

615 

0.27 

5.  6 

24 

635 

0.  29 

0 

323 

0.  48 

0.  025 

725 

0.  45 

0.051 

(800) 

(0.  39) 

0.31 

(850) 

(0.  42) 

0.  94 

585 

0.31 

1-  5 

610 

0.28 

2.9 

1 

660 

0.  29 

4.9 

0 

610 

0.  23 

4.9 

2 

860 

0.34 

4.9 

15 

640 

0.29 

4.9 

24 

650 

0.23 

TABLE  14 


CHANGE  IN  CAPACITANCE  VERSUS  BIAS  VOLTAGE  RELATIONSHIP 
OF  1000  OHM-CM  DETECTORS  WITH  ELECTRON  DOSAGE.  B 
AND  m  ARE  CONSTANTS  OF  THE  EQUATION 
C  =  B  (V  +  0.  55) -m,  WHERE  V  IS  THE 
APPLIED  BIAS  IN  VOLTS.  (VALUES 
GIVEN  IN  PARENTHESIS  ARE  LESS 


RELIABLE. ) 


Sample 

Total 

Electron 

Dosage 

(10lVcm2) 

Time 

Since 

Irradiation 

(days) 

B 

(pf/cm^) 

-m 

2a 

0 

1200 

0.50 

0.  034 

1250 

0.44 

0.068 

1200 

0.41 

0.  14 

1150 

0.39 

0.42 

980 

0.40 

1.  2 

910 

0.40 

2.0 

940 

0.42 

3.  8 

840 

0.38 

6.  6 

0 

570 

0.33 

6.  6 

2 

880 

0.40 

6.  6 

15 

990 

0.42 

6.  6 

24 

990 

0.41 

2b 

0 

1330 

0.49 

0.  032 

1350 

0.45 

0.  12 

1230 

0.43 

0.39 

1140 

0.41 

1.  1 

900 

0.40 

1.9 

(870) 

(0.  39) 

3.6 

930 

0.38 

6.2 

0 

690 

0.36 

6.  2 

2 

1070 

0.44 

6.  2 

15 

930 

0.42 

6.2 

24 

1210 

0.41 
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TABLE  15 


CHANGE  IN  CAPACITANCE  VERSUS  BIAS  VOLTAGE  RELATIONSHIP 
O  F  100  OHM-CM  DETECTORS  WITH  ELECTRON  DOSAGE.  B  AND 
m  ARE  CONSTANTS  OF  THE  EQUATION  C  =  B  (V  +  0.  55)-™. 
WHERE  V  IS  THE  APPLIED  BIAS  IN  VOLTS. 


Sample 

Total 

Electron 

Dosage 

(lO^Vcm^) 

Time 

Since 

Irradiation 

(days) 

B 

(p£/cm2) 

-m 

3a 

0 

3000 

0.  47 

0.  038 

3000 

0.  46 

0.  076 

0.  15 

0.  47 

0.45 

0.50 

2950 

0.  45 

1.  4 

2.  3 

2700 

2900 

4.3 

2950 

0.36 

7.  4 

0 

2900 

0.33 

7.  4 

2 

3000 

0.35 

7.4 

15 

2950 

0.  35 

7.4 

24 

2900 

0.  33 

7,  4 

25 

2850 

0.  32 

3b 

0 

2800 

0.45 

0.036 

3050 

0.  48 

0.  15 

2900 

0.  45 

0.45 

2750 

0.  43 

1.  3 

2700 

0.  42 

2.  2 

2700 

0.  38 

4.  1 

2800 

0.  35 

7.  1 

0 

2850 

0.  33 

7.  1 

2 

2850 

0.  33 

7.  1 

15 

2700 

0.  33 

7.  1 

24 

2850 

0.  33 

7.  1 

25 

2880 

0.  33 
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taken  after  irradiation,  show  some  evidence  of  annealing  at  room  temper¬ 
ature.  However,  since  measurements  of  the  capacitance  of  these  1000  ohm- 
cm  units  were  very  difficult  at  this  point  due  to  excessive  leakage  currents, 
these  last  entries  must  be  regarded  with  suspicion.  No  significant  degree  of 
annealing  is  evidenced  in  tables  13  and  15. 

Although  the  interpretation  of  these  results  is  difficult  without  some 
sophisticated  study  of  the  defect  sites  involved,  several  striking  features  can 
be  noticed: 

a.  No  general  decrease  in  capacitance  is  observed  upon  exposure  to 
electron  dosages  sufficient  to  reduce  greatly  the  conducitivity  in  the  base 
material.  This  might  suggest  that  the  shallow  trapping  centers  introduced 
into  the  high  field  region  do  not  remain  filled. 

b.  The  capacitance  per  unit  area  of  the  10,  000  ohm-cm  detectors  in- 

-14 

creased  quite  rapidly,  more  than  doubling  during  exposure  to  3  x  10 
electrons/cm^,  then  remained  relatively  stable.  Comparison  to  the  constancy 
of  capacitance  values  in  the  100-ohm-cm  and  100  ohm-cm  detectors  during 
the  same  irradiation  period  suggests  either  that  the  10,  000  ohm-cm  samples 
had  some  peculiar  material  property  not  accounted  for,  or  that  some  deep 
lying  defect  levels  are  involved  which  react  in  a  sensitive  manner  to  the 
slight  changes  in  Fermi  level  corresponding  to  the  different  doping  levels. 

If  the  latter  is  true,  mQr.e  extensive  study  of  the  capacitance  changes  induced 
by  electron  irradiation  might  provide  a  sensitive  method  for  studying  such 
low-lying  defects.  Similar  study  of  the  effect  of  resistivity  on  capacitance 
changes  induced  by  other  damaging  radiations  might  also  be  rewarding. 

The  increase  in  capacitance  of  the  10,  000  ohm-cm  samples  is  notably 
reminiscent  of  the  increases  due  to  fast  neutron  irradiation  of  5000  ohm-cm 
phosphorus  diffused  detectors.  However,  since  the  defect  sites  introduced  by 
the  two  irradiations  are  known  to  differ,  it  would  be  surprising  if  the  mech¬ 
anisms  were  similar.  In  this  connection,  irradiation  of  lower  resistivity 
detectors  with  fast  neutrons  would  be  particularly  interesting. 
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A  possible  alternate  explanation  for  bombardment  induced  increases  in 
capacitance  is  that  charged  defect  centers  might  themselves  have  sufficient 
mobility  to  be  separated,  and  consequently  the  capacitance.  Baruch  (ref¬ 
erence  35)  has  shown  that  electron-induced  charged  defects  in  Ge  p-n  junc¬ 
tions  can  be  swept  from  the  high  field  region  by  application  of  moderate  re¬ 
verse  biases.  If  this  were  also  possible  in  Si,  it  might  account  for  increases 
in  capacitance  during  irradiation.  However,  the  absence  of  the  effect  in  the 
lower  resistivity  detectors  would  be  difficult  to  explain. 

4.  20.  4.  3  Changes  in  Counting  Characteristics  of  Diffused  Junctions 

The  most  rapid,  and  most  apparent,  effect  of  electron  irradiation  was  to 
increase  the  inverse  leakage  currents  and  the  amplitude  of  noise  generated 
by  the  detectors.  Charge  collection  efficiencies  and  pulse  height  resolutions 
changed  more  slowly,  remaining  at  useful  levels  throughout  the  irradiation. 
The  maiximum  inverse  voltages  which  could  be  applied  without  causing 
excessive  noise  generation  showed  no  consistent  correlation  with  electron 
dosage,  but  were  lower  than  the  pre -irradiation  values  at  all  stages  of  the  ir¬ 
radiation. 

The  effects  of  electron  dosage  on  some  counting  characteristics  are  sum¬ 
marized  in  table  16.  The  values  observed  for  the  two  detectors  of  a  pair 
with  a  given  nominal  resistivity  agreed  relatively  well  in  all  cases.  Table  16 
shows  the  observed  values  for  one  unit  of  each  pair.  The  leakage  currents 
of  the  10,000  and  1000  ohm-cm  detectors  are  seen  to  increase  erratically  by 
several  orders  of  magnitude.  This  large  scatter  results  partly  from  a  per¬ 
sistent  ionization  effect;  both  forward  and  reverse  currents  were  unusually 
high  immediately  after  an  irradiation  period,  and  decreased  slowly  for  many 
hours  after  the  electron  beam  was  extinguished.  Thus,  their  magnitude  de¬ 
pended  on  the  measurement  schedule.  The  particularly  large  leakage  cur¬ 
rents  of  the  1000  ohm-cm  detector  made  measurement  of  a  pulse  heights 
extremely  difficult  toward  the  end  of  irradiation.  These  detectors  were  ren¬ 
dered  essentially  useless  for  particle  detection. 
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bias.  Resolution  is  given  as  full  width  at  half  maximum. 


TABLE  16  (Continued) 
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The  high  frequency  noise  levels  increased  with  leakage  current,  eventually 
becoming  intolerable  in  the  1000  ohm-cm  detectors.  In  the  other  samples, 
the  noise  background  was  confined  to  the  lower  portion  of  the  pulse  height 
spectra,  corresponding  to  no  more  than  1  Mev.  The  nature  of  the  noise  volt¬ 
age  distribution  was  nonrandom,  consisting  of  relatively  small  numbers  of 
noise  pulses  of  appreciable  size,  corresponding  to  as  much  as  1  Mev  (in 
equivalent  a  pulse  height)  in  some  cases.  Because  of  the  nonrandom  distri¬ 
bution,  the  noise  did  not  affect  pulse  height  resolution  in  the  usual  manner. 
With  random  noise  distributions,  a  given  noise  level  produces  a  roughly  equal 
spread  in  the  resolution  of  the  observed  pulse  height  spectrum  from  mono- 
energetic  particles.  After  irradiation,  however,  relatively  large  noise  pulses 
were  observed  with  enough  frequency  that  the  lower  portions  of  the  a  pulse 
height  spectra  showed  large  background  counting  rates,  yet  the  spreads  in 
observed  a-particle  energies  were  much  smaller.  This  can  be  understood 
in  view  of  the  infrequent  occurrence  of  large  noise  pulses.  When  an  a- 
particle  is  detected,  it  is  quite  unlikely  that  a  large  noise  pulse  will  be 
present  at  the  same  time. 

The  estimation  of  noise  was  qualitative  at  best.  Noise  was  observed  on  a 
free  running  oscilloscope.  With  random  noise  distributions,  a  semiquan- 
titative  measure  may  be  taken  in  this  way.  With  the  nonrandom  distributions 
actually  present,  no  meaningful  measure  of  noise  magnitude  can  be  reported 
from  the  oscilloscope  observations. 

Pulse  rise  times  were  observed  in  both  the  VSA  and  CSA  systems,  with  a 
lower  limit  in  observable  rise  time  of  0.  2  (isec.  In  the  VSA,  a -pulse  rise 
times  remained  below  0.  2  for  the  100  ohm-cm  detectors  during  the  entire 
irradiation.  The  10,  000  ohm-cm  detectors  also  were  fast  at  moderate  bias 
levels,  but  rise  times  as  long  as  0.  5  psec  were  seen  with  no  applied  bias. 

With  the  CSA,  rise  times  of  1  to  3  psec  were  observed  in  both  10,  000  and 
1000  ohm-cm  detectors  toward  the  end  of  the  irradiation.  Unfortunately, 
the  measurements  of  rise  time  were  inaccurate,  and  it  was  not  possible  to 
determine  whether  the  lengthened  rise  times  were  consistent  with  electron- 
induced  changes  in  conductivity. 
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No  noticeable  annealing  of  the  electron  damage  effects  on  counting  char  - 
acteristics  was  observed.  In  facti  a  slight  tendency  for  the  coun,|ing  char¬ 
acteristics  to  depreciate  was  observed  upon  aging  at  room  temperature  fol¬ 
lowing  irradiation. 

The  observed  resolution  widths  at  a  10 -volt  bias  (expressed  as  full  widths 
at  half  maximum,  in  Kev)  are  greatly  broadened  by  two  effects.  First,  the 
U-234  sources  employed  give  two  principal  a-particle  energies,  4.77  and 
4.  71  Mev.  If  these  two  energies  cannot  be  resolved,  a  wider  combined 
peak  is  observed.  Second,  a  4.  8-Mev  a-particle  perpendicularly  incident 
on  the  detector  surface  loses  about  230  Kev  in  the  He  atmosphere,  and  about 
300  Kev  in  the  detector  dead  layers.  The  variation  in  this  energy  loss  due 
to  different  angles  of  incidence  is  the  order  of  50  Kev.  Because  of  the 
rather  large  uncertainty  in  estimating  the  latter  effect,  no  correction  to  the 
observed  resolution  widths  was  made.  The  resolution  of  the  10,  000  ohm-cm 
and  100  ohm-cm  detectors  was  never  observed  to  exceed  about  5  percent,  a 
value  still  adequate  for  many  applications.  The  resolution  widths  observed 
toward  the  end  of  irradiation  are  not  appreciably  affected  by  the  two  effects 
mentioned  above,  because  the  several  contributions  to  spread  in  observed 
energy  combine  roughly  in  quadrature.  Consequently,  spreads  of  50  and  70 
Kev  represent  a  very  minor  contribution  to  those  observed  widths  which  ex¬ 
ceeded  200  Kev. 

Observed  charge  collection  efficiencies  are  also  given  in  table  16  for 
several  bias  voltages.  The  magnitude  of  pulse  observed  is  given  in  Kiev,  for 
an  incident  a-particle  of  4.  76  -  0.  23  -  0,  30  =  4.  23  Mev.  The  fraction  of  ion 
pairs  collected  is  equal  to  the  ratio  of  the  observed  value  to  4.  23  Mev.  The 
collection  efficiency  is  seen  to  decrease  considerably  at  low  bias  voltages, 
indicating  a  considerable  decrease  in  minority  carrier  lifetimes  due  to  elec¬ 
tron  damage.  However,  when  the  field  strength  is  increased  by  application 
of  a  20-volt  bias,  the  collection  efficiencies  are  seen  to  have  decreased  by 
less  than  30  percent  and  20  percent,  respectively,  in  the  10,  000  ohm-cm  and 
100  ohm-cm  detectors. 
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On  the  wholct  the  detectors  studied  were  more  resistant  to  electron 

damage  than  had  been  expected.  The  rapid  increases  in  leakage  current  and 

noise  generation  would  prevent  their  use  in  high  resolution  applications  after 

integrated  fluxes  of  the  order  of  10^^  electrons/cm^.  However,  the  charge 

collection  mechanism  appeared  to  operate  reasonably  well,  at  moderate  bias 

16  /  2 

voltages,  following  electron  dosages  as  high  as  5  x  10  /cm  .  In  certain 
applications  where  resolution  of  a  few  percent  is  acceptable  and  noise  in  the 
lower  portion  of  the  energy  spectrum  can  be  tolerated,  the  use  of  low  re¬ 
sistivity  detectors  to  integrated  fluxes  of  5  x  10  electrons/cm^  or  greater 
may  be  possible.  One  would  hesitate,  however,  to  apply  these  results  to 
detectors  from  other  sources,  or  from  the  same  source  at  a  differ^t  time. 
The  major  damage  effect  was  to  change  the  leakage  current,  and  leakage 
current  is  notoriously  sensitive  to  details  of  manufacture  and  material  quality. 
4.  20.  5  Summary  of  Radiation  Mechanism  Investigation  and  Significance 

It  is  known  that  high  energy  radiation  affects  semiconductor  materials  by 
both  an  immediate  transient,  and  a  slowly  developing  and  more  long-lasting 
effect.  A  nximber  of  investigations  have  been  made  of  both  of  these,  the  usual 
interpretation  being  that  the  transient  effect  is  a  change  in  the  number  of 
carriers  present,  and  the  long-lasting  effect  is  primarily  the  displacement 
of  atoms  in  the  lattice.  Little  effect  is  observed  from  nuclear  transmutation. 

The  effects  mentioned  above  are  gross,  rough  effects.  While  they  may 
conceptually  be  satisfying,  the  overall  description  is  qualitative,  and  adds 
little  to  the  understanding  of  radiation -induced  failures  or  of  how  to  guard 
against  such  failures.  To  begin  to  understand  and  guard  against  high  energy 
radiation  caused  component  failures,  a  much  more  detailed  understanding  of 
processes  is  necessary,  and  since  the  existing  theory  meets  one  of  its  strin¬ 
gent  tests  when  applied  to  the  capacitance  of  a  diode,  this  capacitance  was 
chosen  for  investigation.  The  investigation  showed  that  for  high  resistivity 

4 

(10  ohm-cm)  Si  base  material,  the  capacitance  increased  at  all  bias  voltages 
as  radiation  progressed,  and  for  lower  resistivity  materials,  it  stayed  nearly 
constant;  in  all  cases,  however,  the  high  bias  capacitance  increased  faster 


than  the  low  bias  capacitance.  Leakage  current  increases,  high  frequency 
noise  levels  increase,  and  little  annealing  appears  to  take  place.  Quantita¬ 
tive  values  have  been  obtained  which  can  now  be  dealt  with  theoretically:  also 
the  data  indicate  the  presence  of  certain  low-lying  defect  energy  levels  which 
may  be  related  to  the  changes  observed.  Additional  study  and  analysis  is 
desirable  for  exact  elucidation  of  the  processes,  but  sufficient  information 
has  been  obtained  so  that  any  theory  may  be  rigorously  tested,  and  the  tech¬ 
niques  and  procedures  necessary  to  minimize  damage  can  be  worked  out. 
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APPENDIX  I 


EQUATIONS  OF  MOTION  FOR  THE  FLEXURE  TEST 
APPARATUS 

The  flexure  testing  apparatus  may  be  represented,  with  respect  to  its 
dynamic  functions,  as  shown  in  figure  I-l  where 

a  =  distance  from  the  drive  rod  pivot  point  to  the  upper  end  of  the  sample 
(in.). 

b  =  sample  length  (in.).  (This  includes  only  the  free  sample  length,  and 
not  the  end  sections  which  are  clamped  or  potted  for  support. ) 

R  =  radius  (in. )  of  the  circle  described  by  the  secondary  eccentric  drive 
arm  as  it  revolves  about  the  axis  of  the  primary  drive  or  motor  shaft. 

L  =  distance  (in. )  from  the  drive  rod  pivot  point  to  a  horizontal  reference 
line  normal  to,  and  intersecting,  the  motor  shaft  axis. 

X  =  horizontal  displacement  (in. )  of  the  bottom  end  of  the  sample  at  any 
time,  T. 

d  s  ut  s  angular  displacement  of  R  from  the  horizontal  reference  at  any 
time  T. 

a  =  angle  between  the  drive  rod  and  vertical  at  any  time  T. 

w  =  angular  velocity  (rad/sec). 

c,  d,  e,  f,  are  self-explanatory. 

The  right  side  of  the  sketch  illustrates  the  position  of  the  drive  rod  at 
some  arbitrary  time,  showing  the  same  displacement,  x,  for  two  positions 
(1)  and  (2)  of  the  eccentric  drive  arm.  The  left  hand  portion  illustrates  the 
position  of  the  drive  arm,  (3),  and  the  drive  rod  for  maximum  sample  dis¬ 
placement,  X 

max 


Figure  I-l.  Schematic  Representation  of  Repetitive  Flexure 

Apparatus 


The  operation  of  the  device  can  be  described  as  follows:  From  the 
sketch: 

tan  o  =  d/L  =  (d  -  c)/e 
where 


e  =  R  sin  6 
substituting: 

d/L  =  [d  -  R  cos  0]  /R  sin  6  (2) 

so  that 

tan  a  =  R  cos  0/(L  -  R  sin  0);  (3) 

but 


tan  a  =  x/f 
and 

SO  that  X  as  a  function  of  0  is  the  solution  to  the  quadratic: 


(4) 


,,  2.  2  .  ,2  2.2  2.- 

(1  +  u  )  X  -  (2  aw)  x+(a  w  >b  w)  =  0 

where 

w  =  tan  a  =  R  cos  0/(L  -  R  sin  0). 

The  solution  is  ^^2 

a+  b  [1  t 
*  w  +  (1/w) 


(5) 


(6) 
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The  derivative 


||  a  (a^  u>^  -  b^)  (R  -  L  sin  0)  (7) 

Therefore,  maxima  may  be  obtained  at  values  of  6  satisfying 

e  =  sin"^  (R/L)  (8) 

or 

9  =  sin"^  (gL/R)  ±  cos"^  g,  (9) 

where 

2  2  ^2, 

The  second  of  these  is  primarily  a  condition  on  a,  and  the  first  is  a  con¬ 
dition  on  6.  Considering  the  three  ranges  of  R/L 

a.  R/L  <  g 

b.  g  <  R/L  <  1 

c.  R/L  >  1 

it  is  evident  that  in  the  first  range, equal  ion  8  is  valid.  This  is  the  design 
relationship  chosen  in  the  present  apparatus.  In  the  third  range,  equation  9 
is  valid,  and  in  the  center  one,  both  are  valid.  When  equation  9  is  valid,  it 
may  be  seen  that  a  point  exists  for  which  dx/dd  becomes  infinite,  so  that  this 
contingency  and  any  related  complications  with  respect  to  an  S- shaped  flexure 
are  eliminated  by  the  choice  made. 

With  the  design  parameters  used,  the  quantity  in  brackets  in  equation  6  is 
always  nearly  equal  to  one,  so  that 


L  -  R  sin  6  ^  R  cos  6 
R  cos  9  L  -  R  sin  9 


(10) 
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This  relation  is  plotted  (figure  1-2)  for  one  full  cycle,  using  two  values  of 
R  and  the  following  values  for  other  constants;  a  =  1.  03,  b  =  1,  and  L  =  8.  5. 
As  seen  from  the  plot,  the  above  relation  gives  a  cyclic  variation  in  x  with 
tinie,  the  maximum  values  of  x  being  offset  from  zero  by  an  angular  amount 
6  =  sin~^  (R/L),  and  the  values  of  6  where  x  =  0  not  being  offset.  The  offset 
of  the  maximum  in  the  present  apparatus  is  ut  =  approximately  7  degrees. 


Figure  1-2.  Displacement  Time  Curves  for  Repetitive  Flexure 

Apparatus 
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APPENDIX  II 


ESTIMATION  OF  ERROR  IN  CAPACITANCE  MEASUREMENTS 

In  the  calculation  of  junction  capacitance  from  pulse  division  measure¬ 
ments,  two  possible  causes  of  error  were  ignored.  The  first  is  competition 
between  the  detector  rise  time  and  the  decay  time  of  the  amplification  system, 
which  prevents  the  output  signal  from  rising  to  its  ideal  maximum  value.  The 
second  error  arises  because  the  resistance  of  the  reverse  biased  junction  in 
series  with  the  bias  isolation  resistor  forms  a  voltage  divider  between  the 
amplifier  input  and  the  bias  supply,  which  is  a-c  ground.  This  resistive 
voltage  divider,  which  is  in  parallel  with  the  reactive  voltage  divider  formed 
by  the  detector  and  reference  capacitances,  can  seriously  affect  the  meas¬ 
ured  voltage.  The  combined  magnitude  of  both  errors  will  be  determined  by 
deriving  the  magnitude  of  the  output  signal  as  a  function  of  time  for  the  un¬ 
idealized  network,  which  includes  shunt  resistances  and  time  responses. 

The  maximum  value  of  this  signal,  quantity  measured  by  the 

pulse  height  analyzer.  For  convenience,  compute  S.(t)^^,  which  has  the 
time  variation  of  S^(t)^^^,  but  whose  amplitude  is  referred  to  the  amplifier 
input,  and  compare  this  with  the  ideal  value  given  by  equation  Z9  of  the  text. 

Consider  the  network  shown  in  figure  II- 1,  which  represents  the  a-c  cir¬ 
cuit  of  the  pulse  division  measurements.  R .  and  C  are  the  inverse  resist- 

a 

ance  and  the  capacitance  of  the  detector  junction.  R,  the  bias  isolation  re¬ 
sistor,  goes  directly  to  a-c  ground  because  of  the  large  cable  capaciteuice 
between  it  and  the  slidewire  of  the  100  kilohm  potentiometer  which  serves  as 
a  source  of  bias  voltage.  The  contact  resistance  of  the  detector,  r,  is 
assumed  to  have  a  value  such  that  rC  equals  the  observed  rise  time  of  the 
detector.  The  load  capacitance  is  the  sum  of  the  reference  capacitance 
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Figure  II- 1.  AC  Circuit  for  Pulse  Division  Measurements 


(C  in  the  text)  and  the  shunt  capacitance  to  ground  (C  in  text).  The  6  pf 
r  8 

capacitor  represents  the  interlead  capacitance  (C^  in  text).  A  step  change  of 
1  volt  is  applied  at  point  a,  and  we  wish  to  calculate  S(t).  the  resulting  volt¬ 
age  profile  at  point  b. 

From  simple  circuit  theory,  the  rate  of  rise  of  the  voltage  at  B,  times  the 
total  capacitance  C^  +  6,  is  equal  to  the  sum  of  the  incoming  currents;* 

(Cl  +  6)S'  =  i^  -  i3  +  i^ 


(1  -  s)  s 
Rd  ■  R 


(1  -  -  S) 


(11- 1) 


*  Throughout  the  discussion,  primes  denote  differentiation  with  respect  to 
time. 
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where  is  the  voltage  drop  across  the  p-n  junction  of  the  detector.  If 
equation  II- 1  is  now  differentiated  with  respect  to  t,  V^',  can  be  replaced  by 
12/0,  and  equation  II- 1  is  transformed  to: 


(C  1  6)S"  t  ™  t  4  l-  “  ♦  —4: — 1  S'  +  -7;  t  +  ^Is  = 

'  1  ^  R  r  J  I^R^  Rj  RrC 


(n-2) 


A  solution  to  the  differential  equation  II- 2  is: 

S(t)  =  Ae"*'  ^  +  Be"*'  ‘  +  D, 
where 

^  f  ±  f^  -  4  (C,  +  6)  (R  +  R^)/rCRR^ 

_ _ 1 _ d _ q 

2{Cj  +  6) 


-  R  +  Rj  C ,  +  C  +  6 
F - • 

RR ,  rC 

a 


(11-3) 


The  condition  that  the  equilibrium  value  of  S(t)  is  determined  by  the  resistive 
voltage  divider;  i.  e.  ,  S(o#)  =  R/(R  +  R^),  implies  that  D  =  R/(R  +  R^).  The 
initial  value  of  S(t)  is  determined  solely  by  the  capacitive  voltage  divider; 
i.  e. ,  S(0)  =  6/(Cj  +  6),  implying  that  A+B+D  =  6/(Cj+6).  IfR  and  R^  are 
very  large  k  must  equal  zero  and  the  equilibrium  value  of  S(t)  is  determined 
by  the  complete  capacitive  voltage  divider  (C  +  6)/{Cj  +  C  +  6).  Consequently, 
B  +  D  =  (C  +  6)/(Cj  +  C  +  6).  The  last  two  conditions,  together  with  the 
known  value  of  D,  determine  the  constants  A  and  B,  and  one  can  write  a  full 
solution: 


6 

C  +  6 

-k'^t 

C  +  6 

R 

-k"t  .  R 

Cj  +  6 

Cj  +  C  +  6 

€  T 

Cj  +  C  +  6 

"  R  +  R, 

®  K+  R, 

a 

(II-4) 

The  frequency  response  of  the  amplification  system  employed  is  adequate¬ 
ly  described  by  an  exponential  rise  with  a  time  constant  of  1/a  s  1  psec  and 
an  exponential  decay  with  a  time  constant  of  l/P  =  12.  5  psec.  Imposing 
these  conditions,  the  time  variation  of  the  output  signal  may  be  determined. 
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The  gain  of  the  system  is  taken  as  one,  so  that  the  resulting  function,  S^(t), 
has  its  amplitude  referred  to  the  amplifier  input,  and  may  be  compared  to 
equation  29  of  the  text.  For  simplicity,  the  amplifier  response  will  be  repre¬ 
sented  by  a  low  pass  filter  at  the  first  stage  of  the  amplifier,  in  series  with 
a  high  pass  filter  at  the  output. 

The  signal  following  the  low  pass  filter  is  given  by  the  integral: 

'  r 

Sj(t)  =  S(0)  (1  -  e"*"*)  +j[  Q 

where  S{0)  =  6/(Cj  +  6),  and  S'(t)  is  obtained  by  differentiating  equation  II-4. 
Performing  the  indicated  integration  and  collecting  the  exponential  terms  of 
like  argument  gives  immediately: 


=!<'>  =  (B  .  R^)  - 


aA  -k  t  uB  -k  t  -at 
-  e - e  +  ge  , 


(k  -  a) 


where 


Ak  Bk 

g  =  — -  + 


(k^  -  a)  (k'  -  a)  (Cj  +  6) 


(11-6) 


Similarly,  the  signal  passed  by  the  output  filter  is  found  from  the  integral: 

t 

-n  It  _ 

(11-7) 

T  =  0 


I 

Sj(t)  =  Sj(0)  e"^*  +  J  Sj'(t)  e"*^  dr. 


where  S^(0)  is  zero,  and  S^'(t)  is  found  by  differentiating  equation  II-6.  Per¬ 
forming  the  indicated  integration,  and  simplifying,  gives: 


h  <■)  Ak"  ‘i 

a 


(k^  -  a)  (k^  -  p) 


(U-8) 


+  Bk~  (e~^*  -  e~*^  *) 
(k‘  -  a)  (k"  -  p) 


(P  -  a) 
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This  expression  can  in  principal  be  differentiated  and  S^'(t)  equated  to  zero 

to  find  the  time  t  at  which  S.(t)  is  maximum,  and  its  maximum  value, 
max  1  ' 

However,  because  an  explicit  solution  for  t  is  quite  difficult  to  find,  it 

is  simpler  to  calculate  S.(t)  for  a  particular  set  of  parameters  ajid  determine 

the  maximum  value  S.(t^^_^)  by  inspection.  Remembering  that  equation  34 

in  the  text  describes  the  measurement  of  a  ratio  of  two  output  voltages, 

S/S^,  one  must  still  find  the  maximum  value  of  the  output  response  when  the 

step  function  is  applied  directly  to  the  amplifier  input,  S^.(t)^^^.  The  ratio 

S.(t  )/S  .(t)  can  then  be  compared  directly  to  s/s  to  determine  the 
1  max  oi  max  o 

error  due  to  the  two  effects  under  discussion. 

The  signal  S^(t)  applied  at  point  a  was  a  step  function  of  1  volt  amplitude. 
The  effect  of  the  amplifier  time  response  can  be  determined  by  integrating 
S^(t)  in  the  same  manner  that  S(t)  was  integrated  in  equation  II-5  and  equa¬ 
tion  II-7  above.  This  gives  directly: 

S^.(t)  =  (e‘^*  -  e’*"*)  a/(a  -  p)  (II- 9) 

Differentiating  equation  II-9  and  equating  (t)  to  zero  gives  an  explicit 
solution  for  the  time  when  S  .(t)  reaches  its  matximum  value,  t  ,  which  may 
be  substituted  into  equation  II-9  to  give: 

®oi^*^max  ~  ®  '^*m)a/(o  -  p),  where  t^  *  log  {a/p)/(Q  -  p)  (II-IO) 

Evaluating  equation  II- 10  for  thia  particular  amplification  system,  with  a  =  1 

and  p  =  O.OS’l’,  we  find  t  »  2.75  psec  end  S  .(t)  =  0.803  volt. 

m  '  •  oi  max 

The  error  has  been  evaluated  for  an  applied  bias  of  10  volts  for  the  most 
serious  case  encountered  in  the  experiment,  the  postirradiation  measure¬ 
ment  of  the  1000  olim-cm  detectors,  where  (Cj  +  6)  =  500  pf,  R  =  0.05 
megohms  and  rC~0.5  psec.  At  10  volts  bias  R^  =  10/i  megohms,  and 
C»55  pf.  With  these  choices  of  parameters,  the  percentage  error  introduced 
by  calculating  C  from  equation  28  in  the  text  is  found  to  be: 

«For  quantitative  evaluation,  a  consistent  system  of  units  is  adopted  in  which 
time  is  measured  in  psec,  resistance  in  megohms,  capacitance  in  pf 
(10"^^ farad),  current  in  pa,  and  voltage  in  volts. 
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100  50  20  0 


Leakage  current,  Ktia)  125 

Percent  error  if  C  s  50  pf  ?  +40  +11  -2  -9 

Percent  error  if  C  =  100  pf  +16  +12  +1  -8 

The  question  mark  appears  for  C  s  50  pf,  i  =  125  pa  because  under  these 
conditions  no  peak  voltage  exists.  The  output  signal  rises  continuously  to 
the  limiting  value  determined  by  the  resistive  voltage  divider;  S^R/(R  + 

The  overestimates  of  C  at  high  current  are  due  to  the  resistive  divider,  and 
the  underestimates  at  low  current  are  due  to  the  0.  5>psec  rise  time  in  the 
detector. 

Since  the  values  of  leakage  current  observed  during  postirradiation 
measurement  of  the  1000  ohm>cm  detectors  varied  from  10  to  80  pa,  one 
sees  that  the  error  in  these  measurements  due  to  the  effects  under  discus¬ 
sion  was  appreciable.  However,  in  all  other  measurements  of  capacitance 
by  the  pulse  division  method,  these  errors  can  probably  be  neglected. 
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